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INTRODUCTION 

OBJECTIVES AND DESCRIPTION O F  WORK 

This report describes work performed a t  Field Emission Corporation 

under the sponsorship of the Electric Propulsion Office of Lewis Research 

Center,  National Aeronautics and Space Administration. The general objective 

of the work was to apply'field emission and retarding potential techniques to 

certain physical phenomena occurring on bombardment thruster electrodes 

and cathode surfaces,  so that a n  improved design of the thruster  could be 

obtained. 

and retarding potential studies of the work function changes and surface 

kinetics of cesium and oxygen adsorbates on selected non-refractory metals 

and of the activation, poisoning and sputtering phenomena for oxide cathodes; 

( 2 )  field ion and field emiss 

cesium ion s@uttering of ref 

gation of the interaction of low energy electrons with cesium or mercury  

adsorbates on clean and oxygen-covered tungsten. 

The work was divided into three general a r eas :  (1) field emission 

icroscope investigations of noble gas and 

ry metals; and ( 3 )  field emission investi- 

SUMMARY OF RESULTS 

Some of the problems listed above have been studied under previous 

contracts and the results reported in the final reports for contracts NASr-19, 

NASw-458, NAS3-2596, and NAS3-5902. The latter two reports also appear 

under NASA CR-54106 and NASA CR-54704. The results obtained under the 

present contract a r e  listed below. 

C s  Adsorbed on Clean and Oxygenated Metal Substrates 

Field emission microscope ( F E M )  and thermionic retarding potential 

triode (RPT) techniques were used to obtain the work function versus  cover- 

age characterist ics of Cs on the following metal  substrates:  the (110) plane 

of W; the (221)  plane of Al; the (1070) plane of Ti; heavily oxygenated W ;  

' 
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aid elear; Ni. The resd t ing  ci-xrves for all  of these systems have similar 

shapes; 

due to Cg::adsorption i s  less  for Al a n d  T i  than for the other metals.  

the principal difference i s  that the maximum work function change 

6. 40 

The average work function minimum is  higher for Cs on a heavily 

oxygen-covered W field emitter than it i s  when the underlying oxygen cover- 

age i s  lower. ( $, = 1.41 eV for $ ow = 6.40 eV while $, = 1.10 eV for  

OOW m 
goes through a minimum when the average work function of the underlying OW 

surface is about 5.1 eV. The average work function for  clean W i s  4.52 eV. 

= 5.16 eV). A curve of 8 a s  a function of underlying oxygen coverage 

A very brief look at the characteristics of Hg adsorption on an  O W  

surface showed that the adsorption of Hg on a surface in which 8 
resulted in an average work function maximum which is slightly lower than 

the 4 .9  eV maximum for  Hg on clean W and a minimum of 4.3 eV, which is 

lower than for  Hg on clean W. 

= 5.2 eV ow 

Desorption energies for C s  neutrals f rom N i  and Ti (1010) and for  CS 
ions f rom Ni  were measured. The Cs-Ni work was performed at  very low 

coverage and a plot of desorption energy as a function of coverage could be 

extrapolated to give the zero coverage values for  both neutrals Ea and i..,li 
0 ’ 

4.99 1. 41 

3. 66 1.37 

3.34 

3. 15 

0 
ions E . 

P 
The significant experimental results obtained under this contract f o r  

Cs adsorbed on various clean and oxygenated substrates a r e  l is ted in Table I .  

TABLE I 

Summary of Significant Experimental Results 

System 

c s  - ow 

cs- W( 110) 

Cs - Ni 

Cs -A1 

Cs-Ti(lOE 

Hg-OW 

( d e s o r  
tion) 

I I 300 

Me tho C 

- 

FEM 

FEM 

RPT 

RPT 

RPT 

FEM 

2 



Oxide Cathode Studies 

The effect of 0 and H on the emission character is t ics  of Ni based BaO 
2 2 7 

surfaces  was studied. 

limitation being due to space charge and the circui t ry  of the experiment, but 

not due to  the cathode itself. 

0 poisoning, therefore no significant i r revers ible  chemical changes take 

place. 

Maximum emission obtained was 300 mA/cm'-, the 

Emission could be restored by heating following 

2 

The ion sputtering of the oxide cathode was also studied. Emission 
t 

dropped a s  a resul t  of He 

heating, indicating that sputtering caused permanent damage, probably partial  

removal of the oxide coating. 

bombardment and was only partially res tored by 

Electron Desorption Studies 

Using FEM techniques and analyzing work function changes, c ros s  -sections 

were obtained for  the desorption of oxygen from W a t  three different electron 

energies .  The resul ts  a r e  a s  follows: 6. 34 x 10 c m  a t  250 volts; 

9 . 1  x 10 

mum value of cross-section for removal of the loosely bound 0 state showed 

a maximum a t  100 volts. 

-20 2 

-20 2 2 c m  a t  200 volts; and 3. 1 x 10 -19 c m  a t  100 volts. The maxi- 

Cross-sections were determined for  the desorption of C s  by 250 volt 

electrons on five different underlying oxygen coverages correspondi ng to  work 

functions of 5. 38 t . 0 1 ,  5.53 '  t . 0 2  , 6 .03  t . 0 3  , 6 . 4 2  t . 0 2  , and 

6. 50 + - . 04  eV. 

surface causes cesium to be removed without disturbing the underlying 0 

layer.  Cross-sections a r e  negligible at low Cs coverages, regardless of 

underlying 0 coverage, increasing with C s  coverage to 8 x 10 

- - - - 
The impingement of low energy electrons on this composite 

-20 2 
cm.  

Electron induced desorption of Hg on W and on O W  at 77OK was studied 

with 250 volt electrons over the entire coverage range of Hg. 

showed that no electron induced desorption o r  rearrangement of the Hg layer 

occurred. Cross-sections for  electron induced desorption of Hg by 250 volt 

electrons must be l e s s  than the sensitivity limit of these experiments, which 

The resul ts  

3 
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that the sputtering process is in  some cases  a multistep process. 

Sputtering of clean W by Cs ions has been studied by FEM techniques for  ~ 

14 2 
ions /cm ~ ion energies between 100 and 3800 e V  and for  ion densities up to 7 x 10 

The amount of roughening caused by ion bombardment increased with C s  ion 

-20 2 
w a s  l e s s  than P x 10 cm . 

Sputtering Studies 

PAPERS AND MEETINGS 

The following papers covering portions of work performed under past  and 

present contracts a r e  in  various stages of publication: 

Electrical  Breakdown between Metal Electrodes in  High Vacuum. I. 

Theory", by Francis M. Charbonnier, Carol J. Bennette, and 

Lyn Swanson, Journal of Applied Physics 38, 627 (1967). - 
Electrical  Breakdown between Metal Electrodes in  High Vacuum. 11. 

Experimental", by Carol J .  Bennette, Lyn W.  Swanson, Francis  M. 

Charbonnier, Journal of Applied Physics 38,  6 3 4  (1967). - 

4 



"Desorption, Mobility and Work Function Change of Hg on W and Mo 

Substrateslt,  by L. W. Swanson, R. W. Strayer  and L. 

published) e 

"Field Electron Microscopy Studies of Cesium Layers on Various 

Refractory Metals: Work Function Change", by L. W. Swanson and 

R. W. Strayer (to be published). 

Davis (to be 

Papers  were also presented a t  the following professional meeting: 

Second International Symposium on Insulation of High Voltages in 

Vacuum, Massachusetts Institute of Technology, Cambridge, Mass.  , 

7-8 Sept. 1966. 

The support given by NASA fo r  the work reported in these papers and 

the presentation thereof is gratefully acknowledged. 

CESIUM ADSORBED ON VARIOUS METAL SUBSTRATES 

An understanding of the basic mechanisms involved in the adsorption 

and desorption of C s  on both clean and oxygenated metal  surfaces is essential  

to the development of long-life, stable Cs ion propulsion systems. 

the information gained f r o m  studying C s  adsorption extends our general know- 

ledge of the physical processes associated with surface binding. 

experimental work performed here  

Cs on the refractory metals,  tungsten, molybdenum, and rhenium. 

the past  year  a broader range of substrates have been studied, including non- 

refractory metals and metals with different c rys ta l  s t ructures .  

In addition, 

Ea r l i e r  
1-4 

was concerned with the behavior of 

During 

Titanium was chosen as a substrate for  adsorption studies f o r  several  

reasons,  among which a r e  its gettering properties and its change in  
0 5  

crystall ine s t ructure  f rom a hcp a t  low temperatures to bcc above 11 50 K . 
These properties make i t  a difficult material f rom which to obtain a clean 

surface whose c rys ta l  orientation is well-defined. 

5 



The metal crystals  used in  previous work were either bcc ( W  and Mo) 

o r  hcp (Re). 

to examine the influence, if any, of the substrate  crystal  structure.  

it is very  difficult to obtain a clean A1 surface,  the fcc A1 crys ta l  was chosen 

because of its widespread practical  importance. Ni is also an appropriate 

metal  to choose. It a lso exhibits a fcc c rys ta l  s t ructure;  its lattice constant 

is similar to that of W ;  it has a relatively high average work function; and 

clean, well-defined surfaces may be obtained by standard techniques. 

To extend our knowledge of surface binding, it is interesting 

Although 

METHOD OF APPROACH 

The measurements of in te res t  a r e  the changes in work function A@ with 

Cs coverage cr and the binding energy of C s  on various substrates.  

these measurements can be made using one of two approaches. 

approach allows measurements to be made under conditions of equilibrium 

Cs pressure ;  the second allows kinetic measurements to be made a t  zero 

pressure.  

is flashed clean of Cs ,  quenched rapidly to a known temperature,  and A0 is 

measured  a s  a function of time. 

scale  can be readily converted to absolute o r  relative coverage. 

Both of 

The first 

1 
9 To obtain A@ vs u data i n  an equilibrium Cs pressure,  the substrate 

i 

Assuming unity sticking coefficient, the time 

The first approach also allows one to  determine the binding energy of 

Cs on various substrates f rom measurements of equilibrium heats of adsorp- 

tion obtained f rom coverage versus temperature data at various equilibrium 

pressures .  

used in the form 

The Clausius -Clapeyron equation a t  constant coverage may be 

-H d (1nP) 
d (1 /T)  k 

I _ - -  

where H is the isoter ic  heat of adsorption and P the equilibrium pressure .  

One can readily observe that, since the kinetic impingement ra te  p 

tional to P, the slope of a plot of log p 

H at a constant value of u. 

t rue  in the thermodynamic sense when the gas and substrate a r e  isothermal. 

is propor- P 
versus 1 / T  yields the adsorption energy 

P 
It should be pointed out that Equation (1) is s t r ic t ly  

6 



This W ~ E  not the czse i_n_ our work, except a t  low substrate temperatures; 

therefore,  i t  is  more  appropriate to  view the system from steady state rather 

than thermodynamic equilibrium considerations. Letting the desorption rate  

and the kinetic impingement ra te  
Q P  
S 

equal each other, where a is  the sticking coefficient and E i s  the activation 

energy of desorption, k i s  Boltamann's constant, and M i s  the particle mass:  
S a 

Implicit in the derivation of Equation (4) i s  the assumption of zero activation 
energy f o r  adsorption. This seems reasonable in view of Langmuir's 6 

contention that Q 

ignore the variation with temperature of the first t e rm on the right side of 

Equation (4) in comparison with the second, we obtain the approximate ex- 

pression (within 270 a t  1000° K) ! 

equal one throughout the monolayer coverage range. If we 
S 

d (In P) ~y - 
[d (1/T ) ]  6 - Ea'k 

(5) 

Since E is equal to H for zero activation energy of adsorption, it is 

readily observed that the slope of In P versus 1/T a t  constantu also gives, 
a 

within the above approximations, the value of H for  steady state conditions. 

The second approach allows kinetic activation energies to be measured 

by monitoring changes in Cs coverage with t ime in zero pressure  conditions. 

One can integrate Equation (2) over a coverage increment Q to yield to 6 i 

7 



v.7here 6 
i i 

At zero final coverage d = 0, A 6 - d and Equation (6) does not apply. f 
However, f o r  this case, A 6/0 - 1 and At - t respectively, the differen- 

tial expression, Equation (2) leads directly to the working equation for  the 

case of zero final coverage; 

is the coverage a t  f = 0 and 6 -  is the coverage at  a la te r  t ime t. 

In t = - ln7/ t E a,’/kT (7) 

By measuring the time it takes to desorb a particular coverage interval 

a t  various temperatures,  and plotting the results in the form log t vs  1 / T ,  

the value of E 

resulting straight line. 

at a constant coverage can be obtained from the slope of the a 

The zero pressure approach can also be used to obtain direct  measure-  

ment of A8 vs d by measuring work function changes associated with suc- 

cessive deposits of known amounts of C s  on the surface. 

Field emission microscopy has been used extensively in the study of 

surfaces. Measurements of the field emission current  I a s  a function of ap- 

plied voltage V enables one to obtain information about the adsorbate-coated 

surface through the Fowler -Nordheim equation for field emission, which can 

be written 

I 
(8) 

4 I/V2 = A exp (2.3 x 10 r d  V) 

2 4 vs 10 /V results in a straight line Plotting the data in the form log I/V 
of slope m which intercepts the vertical axis at log A when 10 /V = 0. F rom 

the Fowler-Nordheim law of field emission this slope is: 

4 

3 3 1 2  -2.83 x 10 8 
( 9 )  

P 

where p i s  the geometrical ratio of the electric field F at the emitter surface 

and the applied voltage. Equation (9) can be used to determine either changes 

in  work function o r  changes in surface geometry. When the work function of 

the clean surface 8 
surface can be determined from the slopes of the corresponding Fowler- 

Nordheim plots, assuming that p remains constant: 

i s  used a s  a reference,  the work function of the coated 1 

8 



I Since p i s  a function of electrode geometry only and depends mainly on emitter 

shape, char,ges in  the gec?~1ze?ry of a. clean t ip ca1ise.d: for example. by sput- I 
I tering, can be detected in te rms  of changes in F. However, field emission 

methods do not allow one to distinguish between work function changes and 

geometrical  changes associated with rearrangement of the adsorbate. 

Inasmuch a s  experimental measurements of work function and desorp- 

tion energy derived their most fundamental meaning when performed on single 

crystal  faces,  we have used field emission probe methods in the past 

such measurements.  

spherical point of the emitter exposes a variety of crystal  faces so that 

coverage anisotropies occur under conditions of mobile adsorption, due to 

preferential binding of cesium on certain crystal  faces. Also, some sub- 

s t ra tes  of interest  such a s  aluminum a re  difficult to fabricate into emitters 

that a r e  amenable to cleaning. 

1-3 
for 

A disadvantage of this approach is that the small  hemi- 

To circumvent the above mentioned problems, a thermionic retarding 
7 

potential rnq<,tbod (aPT) was used i n  which the electrodes were single crystal  

disks. 

therefore,  only a brief discussion of the method wil l  be presented. 

embodiment consists of two single crystal disks, a thermionic emitter with 

uniform work function and a collector with a work function 8 parallel to one 

another and to a central apertured disk. 

a magnetic field to a small, definable a rea  of the collector crystal .  

3 This technique has been discussed in detail in a previous report ; 

The 

The electron beam i s  confined in 

One can readily show a relationship between collector current density 

J and temperature f o r  this triode of the following form: 
C 

2 2  
where C i s  a constant theoretically equal to 120 A/cm deg , J 

current  density and 8 
is the emitter 

e 
and 8 a r e  the emitter and collector work fur,ctions 

e C 
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respectively. At a eoiistant erxitter to  collector bias voltage V, (where V, 

is  the positive voltage on the emitter) Equation (11) shows that a plot of log 

J c / T  vs 1 / T  a t  constant V, yields the value of 8 , provided that Vb( (8  e c  - 8 ). 

Also plots of log J 

D v 

2 
Y C 

versus V at constant T yield straight lines, such as  those 

e 

C c  b 
shown in  Figure 1 ,  of slope l / k T ,  which form a "knee" at Vb = ( B C  - 0 I. 
Thus the absolute work function of the collector can be determined a s  well a s  

the contact potential. The latter is determined from the position of the lmee 

I on the voltage scale. Changes in  work function of the collector due to adsorp- 

tion o r  desorption of CS a r e  easily monitored a s  changes in V at a constant b 
J where Vb< - oc) .  

C 

To summarize,  two approaches and two experimental techniques a r e  
I 

I 
employed to obtain measurements  of the binding energies of Cs to various 

metal  substrates and to monitor changes of work function with Cs coverage. 

The kinetic approach in which measurements a r e  made under zero pressure  

conditions was a more  successful approach than the equilibrium approach in 

which measurements  a r e  made under equilibrium pressure  conditions. The 

latter approach was not entirely successful due to artifacts of our particular 

experimental arrangement,  rather than to any basic difficulty associated with 

this technique. 

The retarding potential triode (RPT) offers certain advantages where the 

field emission microscope (FEW i s  impracticable. F i r s t ,  the RPT allows 

measurements to be made under equilibrium p res su re  conditions. Second, 

it is possible to  obtain absolute work functions of the various substrates with 

the RPT. Finally, and perhaps most  significant, by using magnetic confine- 

ment of the electron beam in the RPT, one can sample a small  (compared to 

crystal  dimensions), definable a rea  of a macroscopic crystal  surface. This 

eliminates edge effects and ensures  that the contact potentials so obtained 

a r e  associated with only a single crystal face. 

10 



Vb IN VOLTS 

Figure 1. Typical plots of collected current versus  bias voltage f o r  
clean W(110) at  four  temperatures.  
obtained f r o m  the slope of the semilogarithmic portion 
of the curve. 

The temperature  is  

1 1  



EXPERIMENTAL PR-OCEDURES 

Five different systems were studied in this work, including three single 
- 

crys ta l  RPT stiiGiies =f C s  22 W ( l l C ) ,  AI(ZZ1); a n d  Ti(1010), and two FEM 

studies of C s  on Ni and on oxygenated W.  

Field Emission Microscopy 

The FEM construction, discussed in  detail elsewhere, allowed the 
1 

adsorbate, 0 and/or C s ,  to be deposited a t  a controllable and measurable 

ra te  onto a field emitter made of the desired substrate.  

of the emitter and of the source were accurately controlled by an electronic 

servo-circuit  described elsewhere. 

studies consisted of " in  situ" formed copper oxide contained inside a heatable 

platinum bucket. Resistively heating the bucket to 720 K allowed pure oxygen 

to be liberated. 

The temperatures 

4 
The oxygen source used for  coadsorption 

0 

Cesium on Nickel. - The general procedure for  cleaning field emission 

tips in the FEM has been to heat for short  periods of t ime a t  successively 

higher temperatures.  Fo r  example, heating a W field emitter f o r  several  

seconds above 2200 K will generally produce a clean surface. 

method to Ni emitters resulted i n  very dull tips that required excessive 

voltages (- 7,OkV) to draw measurable emission current.  

successfully cleaned by flashing to approximately 1500 K for  very short  

periods of time. 

0 Applying this 

Emit ters  were 
0 

Work function vs coverage measurements were obtained in the FEM by 

1) a Fowler-Nor dheim plot 
1 

the following previously discussed procedure: 

was made of the clean surface I - V  data; 2) a fixed amount of C s  (approxi- 

mately 0. 1 monolayer) was deposited onto the tip; 3) Cs was spread evenly 

ac ross  the emitter surface by heating the t ip a t  a temperature T until a 

symmetrical  field emission pattern was obtained and until fur ther  heating 

produced no fur ther  changes in  emission current  a t  a constant applied voltage; 

4) a value of @ was obtained from the Fowler-Nordheim plGt of the I - V  

eq 
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character is t ics  of the surface;  5) dose reproducibility w a s  established by 

removing the Cs and repeating the above procedure several  t imes;  6) deposition, 

equilibration, and determination of @ was repeated for  a cumulation of success- 

ive doses until a total coverage of more than one moilolayer was o b t a i ~ e d .  

Terminal neutral E and ionic E 
a P 

desorption energies were measured in  
8 

a manner similar to that of Gomer andSchmidt. 

both neutral  and ionic desorption energies with adsorbate coverage,measure - 

ments were confined to a small  AU, thereby localizing the values of E and E 
a P 

to a given coverage o r  work function. The coverage increment over which the 

measurements were made corresponded to approximately 10 percent change in 

@, with the clean Ni surface used a s  the end point. 

Because of the variation of 

0 0 
A heavy C s  dose w a s  deposited at  77  K ,  spread by heating to 250 K,  then 

desorbed by heating to the coverage chosen for  the initial point of the desorption 

study. 

to prevent ions f rom leaving the tip. 

at the t ip  kept ions f rom returning when ion desorption measurements were 

being made. 

below that required for  neutral  desorption ( in  similar coverage intervals) s o  

that concomitant neutral  desorption could be neglected. Periodically during 

the desorption the temperature was reduced to 77 K ,  and the voltage required 

to maintain a constant current was plotted a s  a function of time. 

range of interest  a voltage interval can be related directly to a coverage interval;  

therefore ,  this data was used to  calculate desorption energies for  several  

cove rage intervals. 

During neutral  desorption a negative field of 3 .  5 MV/cm was applied 

Similarly,  a positive bias of 22. 5 volts 

The temperature range required for  ion desorption was sufficiently 

0 

In the coverage 

Cesium on Oxygen-Coated Tungsten. -Measurements of the work function 
192 vs  coverage for  Cs on O W  have been reported previously 

oxygen coverages u corresponding to 8 < 5. 65 eV. The present work 

was done with underlying oxygen coverages corresponding to 8 

fo r  underlying 

ow ow- 
> 6. 0 eV. 

OW 
0 

The clean t ip was first covered with oxygen, then heated to 522 K,  a 

temperature known to be higher than that required T to spread subsequent 
eq 
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Heating above Ten Cs doses, a n d  a w ~ r k  fanction was recorded for $ 

makes unlikely any thermally induced rearrangement of the 0 layer.  This 

does not? of course, preclude any chemically induced rearrangement of the 

0 layer due to the presence of the CS. 

ON' . -7 

The Cs dose size and reproducibility were established on the clean W 

substrate before oxygen was admittedonto the tip. The absolute amount of 

Cs deposited onto the W tip could be  determined from the known $ vs Q 

relationship fo r  Cs on clean W .  The Cs dose was deposited unilaterally onto 

the 0-covered tip, and heated at T to migrate Cs across  the tip. After 
eq 

each Cs dose, the tip was cooled to 77OK and the work function was de- 

termined.iThe pnocehlra was the same as that reported above for Cs on Ni.  

Thermionic Retarding Potential Triode 

Two different versions of the RPT were used. Figure 2 shows a diagram 

of the triode tube used for the Al and the W work, i n  which both the emitter 

and the collector were single crystal  disks. This design featured a resistively- 

heated emitter,  an accelerating electrode in the form of a disk with a .015 inch 

diameter, beam defining aperture,  and magnetic confinement of the electron 

beam. This configuration permitted measurement of absolute work functions 

from data such as that shown in  Figure 1,  by the method described in an 

ear l ie r  section of this report. Unfortunately, the range of current densities 

Jc was too limited to provide accurate values of emitter temperature to be 

calculated. Also, the tube geometry w a s  such that accurate pyrometric 

measurements  could not be made; therefore, our measurements were of 

contact potentials between emitter and collector. 

Crystallographic directions for a l l  crystals used were determined f rom 
/ 

the back-scattered Laue patterns shown in Figure 3 .  The emitters f o r  the 

W and the A1 triodes were < 1 4 2 7  oriented Mo crystals.  This particular 

crystal  direction was chosen because of i t s  low work function surface,  which 

maximizes the collector current a t  given emitter temperature. F o r  example, 

sufficient collector current was  obtained a t  a n  emitter temperature of 20G0°K. 

[ I  
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Cesium on Tungsten (1 10). -The triode shown in Figure 2 was used for  

this work. The cesium reservoi r ,  shown in detail in Figure 4, w a s  wrapped 

in  a heating coil, in  which chromel-alumel thermocouples were imbedded, 

and encased in a larger  glass  jacket. Immersing the entire appendage in 

liquid nitrogen a t  77 K allowed the Cs reservoir  to be maintained a t  a con- 

stant temperature,  thus establishing an equilibrium Cs  pressure  in  the tube. 

Constant temperature was assured by evacuating the glass  jacket to minimize 

heat conduction losses .  

the glass  jacket open and utilizing the heat conduction properties of a i r  f o r  

cooling the reservoir .  

diameter W zone-melted rod whose orientation w a s  such that the 

direction lay along the axis. 

tion within 1 

c rys ta l  system. 

hydroxide reduced the thickness of the c rys ta l  to . 020 inch, which was suffi-  

cient to remove all work damage. 

0 

Rapid temperature changes were effected by leaving 

The single crystal  collector was cut f rom a . 100 inch 

llool 
The collector cut f rom this rod had a n  orienta- 

of a (1 10) plane, the most densely packed plane i n  the bcc 
0 

Electrochemical machining with a solution of sodium 

Work function vs coverage data was obtained in anequilibrium pressure  
-8  of approximately 10 to r r .  The W crystal  was flashed clean of Cs, quenched 

quickly to a desired temperature,  and the change in  V vs  t ime at a constant 

collector current  was measured under conditions where V ((0 - 0 ). At 

constant current ,  AV 

At is  proportional to coverage; thus AV 

b 

b e C 

= AO, and i f  one assumes  a sticking coefficient of unity, b 
vs  t data was converted directly to 

b 
Ag vs u. 

Equilibrium coverage -temperature data was obtained by adjusting the 

C s  reservoir  temperature i n  order  t o  establish a constant value of $, then 

measuring A@ vs u a t  300°K. Next, the collector was raised to a specified 

temperature  until equilibrium was established, quenched rapidly to 300 K ,  

and the time required to reach a specified point on the A@ vs t curve was 

meas ured. 

a curve u vs T a t  constant p. 

at different p i t  is possible to use Equation (5)  to calculate E . Unfortunately, 

0 

By repeating this procedure a t  other collector temperatures,  

was constructed. 

P’ a 

F r o m  a family of such curves 
P 
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I TO MAIN TUBE 

HEATING COILS 0 

INSULATION 

THERM OCOUPLE 

TO VACUUM PUMP 

C, RESERVOIR 

- - /  

Figure 4. 3 reservoir used in the triode. 
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it was impracticable in this tube to vary the C s  pressure  over a sufficient 

range of p. to permit such calculations to be made. P 

Cesium on Aluminum. - The triode used was of the type shown in Figure 2. I 

The collector c rys ta l  was cut f rom a 0. 5 inch diameter cylinder o f .  99995 pure 

Al. 

is  welded to the supporting wire filament was not suitable for  mounting the A1 

crystal .  Drilling a . 015 inch diameter hole, inserting the W filament, and 

crimping the c rys ta l  to it proved to be the most successful mounting method. 

The usual c rys ta l  mounting technique in  which the lower edge of the crystal  

~ 

t 
I 

Considerable work damage introduced into the c rys ta l  by the mounting 

procedure w a s  eliminated by electropolishing with a solution of ortho- 

phosphoric acid, alcohol, and distilled water. Approximately . 010 inch was 

removed f r o m  the surface before all work damage was gone. 

c rys ta l  was much thicker (. 100 inch) than those used in  the other triodes. To 

counteract the effect of the increased surface a rea  of other c rys ta l  faces 

exposed on the thick edges, the crystal  was cut s o  that its diameter was 

. 200 inch, approximately twice the diameter of the other crystals  used. 

Imbedded in  the c rys ta l  was a Pt-Ni thermocouple by which the temperature 

of the resist ively heated A1 crys ta l  was accurately determined. The Laue 

pattern shown in Figure 3 was made after the A1 crys ta l  had been mounted 

on the W filament and the thermocouple had been inserted.  

The resulting 

/ 

It i s  very difficult to obtain clean A1 surfaces because of a tenacious 

oxide layer that forms despite careful handling, Although the procedure 

followed he re  did not lead to a clean surface,  one can assume that the oxide 

layer on the surface af ter  the tube was evacuated was less than 50 A in thick- 

ness .  1) The c rys ta l  was chemically cleaned; 

2 )  it was immediately sealed into the tube in  an  iner t  atmosphere; and 3) the 

tube was evacuated. 

The procedure was as  follows: 

There a r e  several  ways of obtaining atomically clean surfaces i n  vacuum. 

The usual method of heating a.meta1 surface a t  some temperature sufficient 

to desorb surface contaminants is not suitable for A1 because of its relatively 
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low melting point. Another technique, sputtering the surface with noble gas 

ions,  was impracticable in our experimental arrangement. The well-known 

phenomenon of desorpti on of electronegative gases by bombarding gas  -covered 

metai  surfaces with iow eriergy eiecti-oiis (approxiiiiate:j- 100 eV) 

used in  a n  attempt to clean the A1 surface. 

10 t o r r ,  the surface was bombarded first with 100 volt, then with 300 volt 

w a s  
9 ,10 ,11  

With a residual pressure  of 
-9 

electrons.  

this resul t  does not necessarily mean that electron induced desorption did not 

occur.  At room temperature , an oxygen layer would be quite mobile; thus, 

No change in  work function of the surface was detected; however, 

, i f  oxygen were desorbed f rom the small a r ea  of the c rys ta l  where the electrons 
I 

impinge, diffusion f rom the surrounding highly oxygenated surfaces of the 

c rys ta l  would make desorption difficult to detect. 

0 I 
I The curve of A@ vs r~ was obtained by heating the c rys ta l  to 610 K ,  

maintaining a constant temperature in the reservoir  shown in Figure 4, 

( thereby establishing a constant flux of C s  atoms),  cooling the c rys ta l  rapidly 
0 

to 300 K ,  and recording A\ as a function of time a t  constant collector current .  

Although a n  undetermined but constant impingement ra te  allows equilibrium 

A@ vs r~ data to be obtained, it does not permit absolute coverage measurements 

to be made. 

Thermal  desorption activation energy measurements were attempted under 

zero pressure  conditions. 

which was kept at a constant temperature between 720 K and 870 K in  the way 

described above, until i t  w a s  assumed that the coverage was 'uniform over the 

c rys ta l  surface. 

to 77OK. The change in V required to maintain a constant current  was 

measured a s  a function of time over a particular coverage interval and f o r  

several  different temperatures.  After making corrections for  the temperature 

dependence of the work function, Arrhenius plots of log t vs  1 / T  were made of 

the t ime-temperature data for  a particular coverage interval. 

energies can be determined by using Equation (7) .  

The beam of C s  atoms was directed at the c rys ta l  
0 0 

The C s  source was shut off by quenching the reservoir  rapidly 

b 

Desorption 
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C;esi~rn an Titzniurn. - A rlodified versicm ef the RPT ~j.7ith s m d l  over- 

a11 dimensions ( . 750 inch diameter and 6 inches long) was designed to operate 

inside a liquid nitrogen filled dewar positioned between the poles of a 

4200 f ZOO g m s s  magnet. 

The Ti crystal  was made of one-pass zone-refined material  obtained 

from Materials Research Corporation. The following i s  a typical analysis: 

metallic impurities less  than 130 ppm, gaseous impurities l e s s  than 75 ppm, 

carbon 78 ppm, and other impurities less than 5 ppm. Work damage irltro- 

duced when the crystal  was cut was removed by electrolytic machining in a 

solution of dilute hydrofluoric acid. Approximately .007 inch was removed 

f rom either side of the crystal  leaving a smooth disk .020 inch thick of single 

crystal  T i  oriented along one of the more densely packed hcp planes, the 

( asio). 
Cs  was deposited uniformly and in known amounts from a Cs ion source 

12 
placed directly opposite the Ti target. This ion source 

aluminosilicate molecular sieve powder (Linde Type A zeolite) which had 

undergone an ion exchange reaction with CS. 

with this material ,  then heated to 1600° K in vacuum. Subsequent heating to 

1100 K caused emission of CS ions with no neutral content and an impurity 

content of less  than 0.5%. 

consisted of a sodium 

A Pt filament was coated 

0 

Biasing the Ti collector 22.5 volts negative with respect to all other ele- 

ments in the tube deposited Cs on the target only. The total collected charge 

i s  a measure of the exact amount of Cs deposited. The accumulated charge 

corresponds to a relative coverage; thus a direct measure of A8 vs b was 

made fo r  the unequilibrated surface. 

The emitter in this triode tube was a .OZO diameter W hairpin filament 

etched to .005 inch at the apex. This emitter design was not only easier to  

fabricate,  but a lso,  by proper positioning of the filament with respect to the 

aperture hole, more  current was collected at  the target.  Although this design 

did not permit absolute work function determination, contact potentials were 
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easily measured on a macroscopic single crystal. 

of the retarding potential plots resulted f rom the electric field inhomogeniety; 

however this had no effect on the contact potential measurements. 

A rounding of the "knee" 

RESULTS AND DISCUSSION 

Work Function Changes with Cesium Coverage 

Cesium on Nickel (FEM). - Considerable difficulty was encountered in 

obtaining the Ni  results because of frequent emitter t ip rupture and cleaning 

problems. It was therefore not possible to obtain absolute coverage data f o r  

Ni, although a @  vs relative coverage curve i s  given in  Figure 5 for what was 

believed to be a clean Ni substrate. The reported value of the work function 

of clean Ni 0 ranges from 4. 5 to 5. 2 eV. In order  to use Equation (10) 

to determine the work function fo r  the C s  dosed tip, we have arbi t rar i ly  

chosen a compromise value of 5 .0  eV which l ies between the 4. 74 and 5. 27 eV 

values recently reported by Revie re '  and Holscher respectively. 

S 

14 

The characterist ic FEM pattern changes a r e  shown in Figure 6. The 

low density (1 12 )  plane emits most strongly in a limited low coverage range. 

Examination of the 

the (1 12) consists of slowly undulating rows of close-packed <110) chains, 

therefore,  a much higher substrate atom density results i f  the somewhat 

recessed <llO> chains a r e  also counted. 

0 3. 0 eV the usual reversal  of emission 

emission from the vicinals of the high density (1 11) and (100) planes, reaching 

a maximum reversal  a t  0 /LI 1. 38 eV (Figure 6e). Similar to  the bcc and 

hcp substrates studied in the past, 

emission distribut-ion just beyond u m 
esting difference in the fcc subst ra te  is the lack of strong emission a t  any 

coverage from the third most densely packed (1 10) plane, whereas the third 

most  densely packed plane of the bcc and hcp structures ernits strongly. 

112 regions of a fcc crystal  structure reveals that 5 3  15 

At Cs coverages consistent with 
1 - 3  begins to occur with strong 

m 1-3 the pattern reverts  to a pseudo-clean 

a s  shown in  Figure 6f. A further inter-  
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R E L A T I V E  C O V E R A G E  

F i g u r e  5. Work funct ion 0 and desorpt ion t e m p e r a t u r e  T 
re l a t ive  Cs  cove rage  f o r  the  Cs-Ni  s y s t e m .  

as a funct ion of d 

23 



PZ 



The fact  that w ~ r k  fmctior, InvJering is generally greatest  on the high 

density planes for  c C  Q 

tion i s  a more  important factor than substrate geometry in determining A@ 

on various planes for  a given average coverage. This implies that local 

coverage and/or dipole moment per adatom i s  increased by increasing 8 s .  

In a following section of this report, a general discussion of work function 

change with Cs coverage f o r  the five different systems studied will  disclose 

that both the local coverage and the dipole moment per adatom increase with 8 . 

is strong evidence that local substrate work fuiic- m 

S 

192 Cksium on Oxygen-Covered Tungsten (FEM). - In ear l ier  work we 

have shown that various amounts of underlying chemisorbed 0 greatly a l ter  

the vs  6 relationship. The experimentally observed shift in the minimum 

work function fi 
the OW surface is  shown in Figure 7. The values o f u  

a 8 vs d curve published by George and Steir16. Although the effect of 0 

on the 8 v s u  relationship does not alter the overall shape of the curves f rom 

that of the clean C s - W  curve, our results show that 8 
lower minimum of 1 .1  eV a s  compared with the 1.5 eV minimum for  CS on 

the clean W surface. 

as a function of underlying oxygen coverage 6 m o w  for C s  on 

were obtained from ow 

goes through a much 

of 5.65 eV. In ow Our ear l ier  results were limited to a maximum @ 

work described in a la te r  section of this report  we were interested in study- 

ing the interaction of low energy electrons with coadsorbed 0 and CS on a 

surface where 8 -6.0 eV. The work function changes with CS coverage 

shown in Figure 8 a r e  fo r  a n  underlying oxygen coverage of 8 = 6.3 eV. 

The shape of the curve for 64 Crm indicates incomplete equilibration of the 

initial Cs dose; a lso,  the dose size changed during the course of the adsorp- 

tion experiment. The data shown in Figure 8 has been adjusted to compensate 

for the change in  dose s ize ,  however, no adjustment has been made to  counter- 

act the effect of incomplete initial dose equilibration. Our past  experience 

has shown that incomplete equilibration leads to higher values of 6 for a 

given value of $ f o r c e d  

ow 
ow 

. This means that the curve shown in Figure 8 
m 
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Figure 7. Work function minimum 8 
coverage for  Cs on OW. 
top of the figure. 

a s  a function of underlying oxygen 
The values of 8 a r e  a lso given at the ow 
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should be shifted to the left  s o  that 0 occurs a t  a lower value of u . 
m. m 

Although our tube configuration did not permit photographing the FEM 

pattern changes, they were observed to be s imilar  to those obtained in  ea r l i e r  

work - 5. 65 eV.  A comparison 

of these pattern changes with those obtainezfor C s  on clean W shows that the 

OW surface causes enhanced emission f rom the 

X l l O ]  planes for  u:u 

distribution is  obtained as  before. Also, relative emission from the (1 10) 

plane is reduced by the presence of 0. 

2 and shown in Figure 9 for  an underlying 0 o w  

11 2 planes relative to the 5 3  
whereas f o r  r7 u 

m m 
the pseudo-clean W emission 

A s  in  the case of the clean substrate, pseudo-clean substrate patterns 

a r e  obtained at the near  monolayer Cs coverage regardless of the underlying 0 

coverage. 

Cs-OW surface approaches a constant value o f u l .  8 eV a t  u> u 

ent of w 

layer and a near  uniform value of A0 over the polycrystal face surface of the 

emit ter .  

This resul t ,  coupled with the fact that the work function for  the 

independ- 
m 

implies a screening of the O W  dipole contribution by the Cs 
O W ’  

Cesium on the (110) Plane of Tungsten (RPT). -With the Cs reservoir  in  

the R P T  held a t  273OK for sufficient time to establish an equilibrium pressure,  

the & vs cr curve of Figure 10 was obtained. 

by the emit ter  resulted in uncontrolled pressure  gradients in the interelectrode 

gap. 

the data points and operating the emitter only when making each measurement. 

Thus, measurements were made under steady s ta te ,  but not equilibrium con- 

ditions; hence the absolute Cs impingement ra te  could not be established f rom 

the reservoir  temperature. 

Heating of the center electrode 

Reproducible resul ts  were obtained by allowing the emitter to cool between 

The coverage scale  in  Figure 10 was obtained by assuming the value of 

u = 1. 95 x 10 a toms/cm as determined ear l ie r  by field emission methods. 

A comparison of the curves obtained by the two methods shows several  striking 

differences which a r e  summarized in Table  11. I 

14 2 
m 
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Figure  10. Data points show the work function-coverage relationship for 
the Cs-W(110) system at 300°K. 
V Curve (a) is best  fit curve of 
Equation (1 6) and curve (b) is best  f i t  curve of Enl*-+;- ( 1  21 

Curve is normalized so that 
= 1. 95 x 1014 atorns/cm2. m 
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TABLE I1 

Comparison of Salient Features of the 0-cr Relationships Determined 

by Field Emission and Retarding Potential Methods 

Retarding Potential 

Besides the smal le r  value of 

much la rger  value of u , i. e . ,  the coverage where becomes independent 

of u. 

i s  the possible occurrence of simultaneous Cs desorption a t  coverages above 
1 

t~ . Ear l ie r  studies of Cs desorption indicate that perceptible desorption 

begins a t  ~ > 2 .  3 x 10 

the data points should be shifted to the left in the a-cr relationship shown in 

Figure 10. 

curve a s  the substrate temperature i s  lowered below 200 K where desorption 

in the monolayer region is negligible. 

liquid N 

no change in the shape of the a-cr curve was observed. 

, the retarding potential method gives a 
m 

0 

A probable explanation for the different values of 0 by the two methods 
0 

14 2 m. 
a toms/cm for T = 300°K. This means that for U ~ U  

m 

To confirm this possibility one may examine the shape of the a-fl 

0 

By immersing the collector leads in 
0 

we were only able to lower the collector temperature to 275 K where 
2 

The 3. 4 eV maximum work function change M on Cs adsorption permits 
m 

the clean work function of the (1 10) plane. an  estimate of Or 
results of ear l ier  field emission studies which showed that 8 = 1. 5 eV, one m 
can calculate the substrate work function from the relationship: 

Using the 
2 W(1104 

4. 9 eV. This value is approximately 1. 0 eV 
W (  110) 

Using Equation (12),  (4 

below the ( 4 w ( 1  value normally obtained by field emission techniques. 
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deter  - 
W(110) The reason f o r  this l a rge  discrepancy between the values of @ 

mined by the two methods is not c lear  at  this time. 

is the fact  that macroscopic (1 10) crystal  faces a r e  sufficiently rough, regard-  

l e s s  of careful  smoothing, that contributions from other :OW $ c r y s t a l  faces 

lower the value of 0 

One possible explan ation 

to the observed value. 
(110) 

Cesium on Aluminum (RPT). - The changes in work function with cs cover- 

age at 300°K on the (221) plane of A1 a r e  shown in Figure 11. 

were also obtained under steady state conditions, therefore the coverage scale 

in Figure 11 could not be made absolute. 

ized so that @ 

obtained for  Cs  on the other substrates for 8 ;  8 

curve 8=-8 is s imilar  to that shown in the (110) W results. 
m 

that with Al, a s  with W ,  desorption is taking place a t  300 K for  8 5  8 

These resul ts  

The curve of Figure 11 is normal-  

The shape of the curve is s imi la r  to that occurs at 8 = 0. 67. 
m 

, however that portion of the 
m 

This suggests 
0 . 

m 

The most striking difference between the A1 curve and that of the N i ,  OW,  

= 3. 15 eV. This resul t  is not and W (  110) curves is the very low value of A0 

surpris ing because the A1 substrate has a much lower clean 0 
those l isted above. 

could be determined have approximately the same value of 0 = 1. 5 eV, the 

exact value being slightly lower for  the high @ substrates and slightly higher 

for  the low 0 substrates.  

late the clean One would expect that a densely packed plane 

such a s  the (221) would be a high 0 plane; therefore the value of 4. 65 eV appears  

reasonable compared with the generally accepted 

m 
than any of 

S 

All substrates studied for which accurate values of 0 
m 

m 

Using this value, one can use Equation (12) to calcu- 

4. 65 eV. 

17 
average 0w4 .  2 eV. 

Cesium on Titanium (lOiO)(RPT). - Ti  changes f rom a hcp crystall ine 

s t ruc ture  a t  room temperature to  a bcc s t ructure  at temperatures  above 

11 WOK. To avoid changing the crystal  s t ructure  most of the heating of 

the Ti  target  in the RPT, either during evacuation o r  in subsequent experiments,  

was done below this temperature ,  with only a few flashes to higher temperature  

being done on the vacuum system for  outgassing purposes. 

study of Ti revealed that a clean surface could not be obtained at any temperature  

5 

A concurrent FEM 
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Figure 11. Work function change with C s  coverage for the Cs-Ae(221) system. 
The relative coverage is normalized s o  that A@, occurs a t  a 
relative coverage of 0.  67. 
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18 
expected of a single crystal. 

200 hours below the transformation temperature does not change the crystalline 

Brock has shown that heating for  a s  much as 

Figure 12 shows the curve of A@ vs 8 obtained by accumulating unequili- 

brated doses of C s  on the Ti  crystal  a t  77OK f rom the Cs ion source.  

curve,  the monolayer is a rb i t ra r i ly  chosen a s  that coverage a t  which no fur ther  

change i n  @ occurs  with increasing coverage. 

curve f o r  the unequilibrated Ti surface (Figure 12) with the curve for  the 

equilibrated Ni  substrate (Figure 5). Both curves were obtained a t  77 K 

where thermal  desorption and diffusion a r e  negligible. 

feature of such a comparison is the similari ty in the shapes of the curves 

throughout the entire coverage range. 

Fo r  this 

It is interesting to compare the 

0 

The most significant 

The relatively low value of a = 2. 92  eV fo r  T i  suggests that the (1010) 
m 

plane of Ti  possesses a fair ly  low clean @. Using Equation (12) and the 1. 5 eV 
- 

value fo r  @ a s  before, one can assign the clean Ti (1010) surface a work 
1 (-1 m 

function of 4. 42 eV. 

T i  is  3 .  95 eV, therefore our suggested value for the densely packed, high 

work function (1 010) plane is reasonable. 

The recommended valueL7 for  the average @ f o r  clean 

General Discussion of Work Function vs  Coverage 

Comparison With Theory. - The applicability of various theories of work 

function coverage can be evaluated from the resul ts  shown in Figures 5, 8,  

10-12. We have examined two A@-cr relationships fo r  each of these curves.  

The first of these is the point dipole depolarization model of Topping which 

can be described in t e rms  of p , the zero coverage dipole moment, and a ,  

the effective adsorbate polarizability by the general equation: 
0 
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&j=  c l e  
1 + c2e 312 

. 312 F r o m  the condition for a minimum c.rhere C1 = 2 T p u 

in U one can deduce the following relationship f rom Equation ( 1  2):  

and C _  = 9 a u 
0 0  L 0 

m 
= 4 T r p  u e 0 0  

c =  
1 m 

and 

312 = g a r  2 c =  
2 2 1 3  0 e 

( 1.4) 

m 

F r o m  the above relationships one can ascertain values of C 

wi l l  allow matching of experiment and theory a t  8 

mated value of p 

and C 1 2 
which 

. Table 111 l ists  the est i -  
m 

fo r  the four systems studied based on the values of and r 
0 0 

C and C btained from Equation (1 3) assuming that a i s  the same for a l l  systems 

a s  it i s  for  the W(110) ( a  = 4 3  x’). 1 ,f 

TABLE 111 

Estimated values of zero coverage dipole moment p and cr , the 
coverage at  which A@ is independent of r,  for the various substrates 
studied. 
the effective adsorbate polarizability. 
function 0 calculated f rom Equation (1 2). 

0 0 

Calculations a r e  based on Equation (1 3) and assuming Q = 4 3  R3;s  
Also listed a r e  substrate work 

S 

Substrate 
S 

ol 18 
p x 10 esu  
0 

-14 2 
(r x 10 a toms/cm 
0 

N i  (Average) 5. 0 19. 3 

w (110) 4. 90 19. 4 

A1 (221) 4. 65 16. 8 

Ti ( 1 O f O )  4. 42  17 .  7 

4. 82 

2. 92  

4. 1 9  

2. 9 6  
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Equation (13) fi t  the A1 data throughout the coverage range; however, for 

the other systems studied, Equation (13) could be fi t  to the data only in the 
3 

coverage: range 0<8<8  . In an  earlier report  field emission A@-a data 

could be more  readily described by a quadratic relation of the form: 
m 

(1 6) 
2 A@ =c3e-c 4 e 

If one looks at  the limit a s  8+0 of the derivatives of both Equations (13) 

and (16) one can see that C = C3. 

stants and appropriate values of C 

Equations (13) and (16) in the coverage a s  shownin Figure 10. 

This only serves  to underscore the difficulty in deciding upon the validity of 

the Topping model throughout the coverage range a s  opposed to some other 

model which might lead to a quadratic dependence, such a s  Equation (16). 

that in the coverage range w > c r  

a restructuring of the adlayer takes place to form a more  condensed two- 

dimensional layer which is not particularly influenced by substrate structure. 

This may account for  the breakdown of the Topping model a t  u> u , since 

this model is based on a square o r  hexagonal a r r a y  of adatoms contracting 

uniformly with increasing coverage. 

the most rigorous tes t  of the Topping model occurs. 

Figure 1 0  demonstrate that fo r  mobilely adsorbed C s  on the (110) plane of 

W ,  the Topping model is seriously inadequate. 

immobilely adsorbed C s  on the (1070) plane of Ti leads to the same con- 

clusion. 

Using identical values of these two con- 

and C 
2 4 

1 
one finds complete overlap between 

range €IC8 
m 

1,20 There now exists some evidence m 

m 

It  is in the coverage range w> u that 
m 

The results shown in 

A similar analysis of 

Comparison Between Systems. - The examination of these results along 

with those obtained ear l ier  f o r  other systems show that there is a definite 

relationship between substrate work function 8 and the maximum work func- 

tion change with C s  adsorption A@ . Our studies have shown that there is 

a slightly smaller  value of 8 

In Figure 13 a plot of A@ 

S 

m 
for the higher 8 . 

vs 8 

m S 

fo r  C s  on various substrates shows that 
m S 
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a linear relationship exists of the following form: 

A@ = 1.09 ( 8  - 1. 78) eV (1 7 )  m S 

This relationship indicates that 8 
governing A8 . The single plane values of (4 for  Ti and A1 were calculated 

using Equation (12) and assuming 8 
face and average values of A0 

good agreement with the empir ical  Equation (1 7). 

(17) can be extended 

mental adsorbate parameter governing . A review of existing experimental 

results suggests that a more  generalized form of the empirical relationship 

is a fundamental substrate parameter 
S 

m S 

2 1. 5 eV. Using both single crystal  
m 

, the results plotted in Figure 13 indicate m 
The reldtionship Equation 

21 by noting that the ionization potential I is the funda- a 

m 

Equation '(17) 

metals 

. will  f i t  most of the Group IA and IIA adsorbates on various 

(18) 

This provides a potentially useful empirical means of calculating & fo r  m 
Group IA and IIA adsorbates on various metallic surfaces;  in addition, i t  

provides further insight a s  to  the significance of various adsorbate and sub- 

s t ra te  parameters  in establishing A@ . 
m 

Binding Energy of Cesium to Various Substrates 

Cesium on Nickel (FEM). - The temperature required to desorb C s  in 

60 second heating intervals is plotted a s  a function of coverage in Figure 5. 

Actual desorption times required for the construction of Arrhenius plots 

were much longer, ranging from 30-1200 seconds. In Figure 14 and 15, the 

voltage V required to maintain a constant field emitted current  is plotted a s  

a function of time a t  various temperatures for low coverage ionic and neutral 

desorption respectively. 

section show that, in the low coverage range 8 is proportional to IT. 

the Fowler -Nordheim relationship (Equations (8), (9)) 8 is proportional to V , 

The A@ vs D results reported in the preceding 

Through 
213 
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therefore  one can relate a voltage interval directly to a coverage interval. 

Activation energies for neutral and ionic desorption, E and E , and 
a P 

the average frequency factor Vwere determined for several  coverage inter-  

vals f r o m  Arrhenius plots constructed from the data of Figures 14 and 15. 

These values were obtained by dividing the coverage interval between 8 = 0 

and 8 = . 05 (corresponding to a total A@ = 0. 5 eV) into five equal coverage 

intervals each correspondong to a coverage change A0 = . 01. 

activation energies and average frequency factors a r e  shown in Figure 16. 

Extrapolating this data, the activation energy for zero coverage desorption 

of neutrals and ions a r e  E = 3. 1 t . 20 eV and E = 2. 20 t a 20 eV. 

The resulting 

- P - a 

The activation energieg obtained over a finite coverage interval f rom a 

polycrystal face surface a r e  weighted averages. In a kinetic measurement 

such a s  ours ,  the measured activation energy depends upon whether equili- 

br ium is maintained during desorption. If equilibrium is maintained during 

desorption,by surface diffusion, both E and E wi l l  be weighted towards the 
a P 

most  tightly bound s i tes  that a r e  contributing significantly to the desorption. 

I t  is important to note that the regions f rom which ionic desorption occurs 

a r e  not necessarily the same a s  those from which neutral desorption is 

taking place. 

effective work function, corresponding to those regions of the substrate f rom 

which ionic desorption is taking place. 

Under conditions of surface equilibrium, one can write an 

= E  - E  + I  
'eff a p a 

The values of @ 

function of @. 
planes where desorption rates a r e  high and corresponding values of E 

low. 

and E 

than the average work function. 

calculated here  is 

obtained f rom Equation (19) a r e  plotted in Figure 1 6  a s  a 
eff 
Terminal ionic desorption occurs on the high work function 

a r e  
P 

In contrast, zero coverage neutral desorption rates a r e  generally Pow 

i s  high, thus one would expect @ 
a eff 

to be higher a t  zero coverage 

= 4. 77 t 0. 30 eV The fact that the value of (I - eff 
slightly low compared to the generally accepted value of 
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Figure 16. Desorption activation energies Edes and average frequency factors 
3 for  Cs  ions (open circles)  and neutrals (solid c i rc les)  f rom Ni 
plotted as a function of work function change A @ .  The solid ba r s  
correspond to the coverage interval over which the measurements 
were made. Also shown is 8 eff calculated from Equation (19).  
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the average ciean (J-5. 0 eV fo r  N i  suggests that neutral desorption energy 

measurements  a r e  obtained f rom a different region of the surface than that 

f rom which E i s  obtained. 
P 

Cesium on the (110) Plane of Tungsten (RPT). - The equilibrium Cs 

coverage vs temperature results for  various impingement rates a r e  shown in 

I 
Fi gure 1% These results show that cr varies in the expected direction with I 

6 
T and p. Normalizing Langmuir's value of r to match our value of 

14 2 
IT a toms/cm , one can compare his curve f o r  a polycry- 

stalline wire with our single plane (110) results. 

identical values of p. and T the (110) plane has a higher coverage than the 

polycrystalline wire. This result, which indicates an enhanced binding of 
3 

C s  to  the (110) plane i s  not unexpected since ear l ie r  field emission studies 

had shown that the (110) plane possessed a higher binding energy and hence, 

m P' 
= 1. 95 x 10 m 

Figure 17 shows that for  

P 

a la rger  than average local coverage particularly in the low coverage region. 

F r o m  the data of the sor t  shown in Figure 17, one may employ Equation (5) 

a t  constant coverage to obtain isoteric heats of adsorption H. 

limited range of p 

were unable to employ Equation (5) to obtain meaningful values of H. 

the data generated indicates that this method of measuring single crystal  heats 

of adsorption is feasible provided that the pressure  i s  sufficiently low to elimi- 

nate scattering of the electron beam and also, in the case of metallic vapors, 

to prevent tube shorting. 

Because of the 

(or  P) accessible in our experimental arrangement,  we 
P 

However, 

Cesium on the (221)  Plane of Aluminum (RPT). -Thermal desorption 

activation energy measurements for the the Cs -A1 ( 221) system were attempted 

under zero pressure conditions in the RPT. 

limited the temperature range over which the measurements could be made to 

the interval 720 K - 870 K. 

removed from the crystal ,  therefore the lowest coverage for which measure-  

ments were made corresponded to 8 = . 15 (obtained from Figure 11). The 

activation energy obtained f rom the slope of the Arrhenius plots was 0. 907  eV, 

and the value of the intercept, log vwas  3. 22. These values a r e  considerably 

The melting point of A1 (933OK) 

0 0 In this temperature range, C s  was not completely 

f 
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lower than the corresponding values f o r  desorption energies f o r  other sub- 

s t ra te  s. 

One possible explanation for the low values of energy i s  that diffusion 

from unequilibrated portions of the crystal complicates the measurements 

of desorption energy. Our procedure infers that no net diffusion of C s  out 

of the region being measured takes place during the desorption t imes,  there-  

fore,  the entire crystal  surface (not just  the front side) must be equilibrated. 

To verify this assumption for our case, one must determine the concentration 

distribution on the back side of the crystal a s  a function of time. 

Assume that the dosing arrangement is such that impinging C s  atoms 

establish a constant concentration on the front face and along the crystal  

edges. 

ular to the axis and the lines of flow a r e  radial. The concentration dis t r i -  

bution across  the back side of the crystal  may be obtained from the diffusion 

e qua tion: 

In cylindrical coordinates, diffusion takes place in planes perpendic - 

where cr i s  the concentration a s  a function of radius and time t ,  and D is the 

diffusion coefficient. 

back side of the crystal  i s  zero while the concentration at  the edge r = r 

maintained a t  some constant value u 

conditions leads to a solution in terms of Bessel functions of the f i r s t  kind 

Assume that at t 0 ,  the concentration of C s  on the 

is 
0 

for t LO. Applying these boundary 
C 

I 
of order  zero and one: 

where a a r e  the positive roots of J ( a r  ) = 0. A plot of w / u  vs r / r  for 

various values of Dt / r  shows 

when Dt / r  = 0 .  8. 

0 0  C 0 2 2 2  
n 

that u / u  .>, 0. 98 f o r  all  values of r / r  
0 C. 0 2 

P 
Using the temperature and coverage dependent diffusion 
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coefficient D = D 

function of temperature: 

exp (-E /kT) one can express the equilibration t ime a s  a 
0 d 

The values of diffusion energy, E and D fo r  the C s - W  system have been 
d 0 3 

determined experimentally 

shown in Figure 18. 

low coverage, equilibration time ranges from lo3 to 10 

perature range of interest  (750-900 K). 

and when used in Equation (22) result in the curves 

It is readily apparent f rom Figure 18 that even at  very 

seconds in the tem- 
5 

0 

The above analysis shows that the equilibration times a r e  excessively 

long, thus the energy calculated f rom the Arrhenius plots, E 

corresponds to  a diffusion energy rather than a desorption energy. 

= 0. 907 eV 
d 

- 
Cesium on the (1010) Plane of Titanium. -Although the Ti crystal  was half 

the diameter of the A1 crystal ,  one can apply the same arguments a s  above to 

show that equilibration difficulty and accompanying concomitant diffusion and 

desorption make it difficult to measure desorption energies. Surface equili- 

bration effects were determined by depositing a small  amount of Cs  (0  = 0. 11) 

onto the Ti crystal  a t  77OK then heating below the desorption temperature a t  

successively higher temperatures and monitoring the work function changes. 

One would expect U to decrease uniformly when the front face of the crystal  

i s  equilibrated and diffusion i s  occurring only on the back side of the crystal. 

The fact that increased from 0. 8 eV a t  77OK to 1. 37 eV at 340°K shows that 

the front face of the crystal  is not equilibrated a t  temperatures below 340 K. 

Increasing the temperature further caused Ad to decrease in the expected way 

until complete equilibration of the back side of the crystal  had taken place. 

Although the long equilibration t imes made i t  difficult to obtain desorption 

energies f rom Arrhenius plots, i t  was possible to get an estimate of the de- 

sorption energies f rom the temperatures T 

from an equilibrated surface i n  ten second heating t imes.  

is shown in  Figure 12. 

0 

required to desorb a given coverage 
d 

The plot of T vs 8 
d 

The T curve shows the large range of desorption 
d 
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temperatures  associated with 

s imi la r  to that of Cs on other 
. .  

C s  on Ti in the monolayer region; this behavior is  

substrates. Assuming that the desorption 

activation energy is proportional to the desorption temperature yields a var ia-  

tioil in desorpLion energy fisoiii 2. 2 C V  for terr;lii~a? d e ~ ~ r p + c i ~ n  t~ 0. ? SV at 

monolayer coverage. 

during the desorption; therefore E 

No bias was applied to the collector to re turn ions, 

is the terminal  desorption energy measured. 
a 

2 
In previous work it was shown that thermal  desorption energies of Cs at 

zero  coverage for severa l  substrates followed an empirical  relationship between 

activation energy of neutral  desorption and average substrate work function 

@ of the form: 
S 

E = 2 @  - 6 . O e V  
a S 

Substituting into empirical  relationship, Equation (23), it is possible to obtain 

a value @ 

pared with the 4. 42 eV value obtained from the analysis of the @ vs r data. 

Although the retarding potential characterist ics of this surface were stable 

and reproducible, it should be re-emphasized that the surface was probably 

contaminated with oxygen; therefore,  the values of @ 

necessar i ly  for a clean Ti (1070) surface. 

4. 1 eV for  the (1070) plane of Ti. This value is low when com- 
S 

obtained here  a r e  not 
S 

OXIDE CATHODE STUDIES 

INTRODUCT.ION 

23 
Although the oxide cathode was discovered over 60 years  ago, 

a r e  many facets of its operation that a r e  not yet completely understood. 

example, the influence of residual gases upon oxide cathode emission was 

recognized ear ly ,  

there  

F o r  

24 yet even quite recently agreement upon whether certain 
27 o r  decrease emission had not been reached. Other 25,26 

gases  increase 
28 

facets, such as sputtering of the oxide cathode, 

stood but have not been investigated quantitatively. 

a r e  perhaps better under- 

The present work was 
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ufidertaken to investigate certain phenomena in the two a reas  mentioned above, 

namely, the activation o r  deactivation of the oxide cathode by such gases a s  

O2 and H 2’ and the sputtering of the oxide cathode by r a re  gas ions. 

In recent years a number of studies have indicated that a hydrogen atmos-  
29 

phere may be beneficial to the operation of oxide cathodes. 

showed that both gas evolution was less  and the emission properties were 

A study by MacNair 

I 

I 
I 

I 

better for  various types of oxide cathodes processed in an atmosphere of H 2 30 
instead of vacuum. Garbe 

emission properties of oxide cathodes in commercial  tubes and found that 

examined the effect of ambient gases upon the 

- 5  
exposure to hydrogen a t  10 

In the present investigation the effect of hydrogen on cathodes poisoned by 

oxygen was investigated. 

t o r r  reduced noise and slightly improved emission. 

EXPERIMENTAL PROCEDURES AND RESULTS 

The experimental tube for  this study has an electrode configuration identi- 

cal  to that of the RPT design used in the C s  adsorption studies (see Figure 2), 

with a zone -melted Mo single-crystal emitter and a zone-melted polycrystalline 

Ni  collector upon which alkaline earth carbonates were coated to fo rm the 

oxide-coated cathode. The Mo block was mounted on a W filament so that 

i t  could be heated conductively; the Ni block (0. 140 in D) was mounted on a 

four-wire Ni  filament so that i ts  temperature could be calibrated (with the aid 

of an optical pyrometer) as a function of filament resistance. 

nary experiment the tube was f i r s t  evacuated and the tube elements were well 

outgassed without the oxide coating so  that the heating and emission character-  

is t ics  of the clean electrodes could be obtained. 

In a prelimi- 

The coating composition used is known commercially a s  C-10, whish 
31 according to Sandor In this composi- 

tion the mixing ratio of the three carbonate components i s ,  when expressed 

in percent of weight: 

is one of the more stable emitters. 

31  
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Ba.CO_ . . . . . . . . . . . . . .  57.2700p. w. 
3 

S r c O 3 .  . . . . . . . . . . . . .  38. 870~. w. 

. . . .  . 4. o"7op. w. 

The carbonates were obtained from Electro-Space Products, Inc. , and con- 

tained less  than 100 ppm impurities. The dry carbonate powder was mixed 

with the binder and carrying solution in the following proportions: 

1 . O g m  . . . . . . . . . . . . .  C-lo powder 

I '  1 . 4  mf . . . . . . . . . . . . .  amyl  acetate 

1. o m l  . . . . . . . . . . . . .  nitrocellulose in amyl acetate 

The mixture was painted with a fine camel's hair  brush directly onto the Ni  

substrate,  resulting in a coating about 2. 5 mils in thickness and that looked 

very smooth and regular under x 10 magnification. 

mixture nor baking in a i r  was done a t  any stage. 

No ball-milling of the 

The experimental work was performed with the experimental tube attached 

to a vacuum system (Figure 19) so  that pressure changes could be monitored 

and gases added at will.  

Model 974-0035 Par t ia l  P re s su re  Gauge, a ground glass valve, and 0 

sources. 

the cathode during the activation and poisoning procedures, although unfortu- 

nately i t  could not be arranged in direct line of sight of the oxide coating. 

ground glass valve separated the manifold from the mercury diffusion pump 

so  that a given pressure could be maintained. 

tube which admitted oxygen into the vacuum when heated. 

consisted of Pd  and Z r  filaments that had been loaded with H 

bell j a r  before installation on the vacuum system. 

The vacuum system was equipped with a Varian 

and H 
2 2 

The partial  pressure gauge monitored changes in the environment of 

The 

The 0 source was a thin si lver 

The hydrogen source 

in a hydrogen 

2 

2 
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Activation and Poisoning 

Activation Procedure and Results. - After application of the carbonate 
0 

coating the experimental tube was evacuated and baked at  400 C to obtain a 

background pressure  of 3 x 10 tsrr. The activation of the cathode was 

performed by heating the cathode to increasingly higher temperatures while 

keeping the tube pressure  below 10 

was applied to the anode during the activation so that electron emission was 

drawn a t  the higher temperatures,  which according to Nottingham inhibits 

the loss of the electropositive elements and increases  their  concentration 

within the coating. The activation schedule followed is given in Table IV;  

the short  t imes involved a r e  indicative of a relatively quick conversion f rom 

the carbonates to the oxides. 

increase throughout the activation period was CO. 

-10 

-6 
torr .  A positive voltage of 120 volts 

32 

The major constituent causing the pressure  

TABLE IV 

Activation Schedule f o r  C - 10 Composition 
Oxide Cathode 

Time 

0 min 

30 

80 

100 

102 

104 

106 

110 

113 

115 

119 

128 

Temperature 

835'K 

{ ;:: 
865 

1235 

1235 

1235 

{z 
(t 2; 

1286 

1286 

1306 

Total P res su re  Emission Current 

A 
2 xl0 -7  t o r r  

1 x 1 ~ - 7  
7 

2 
5 x 

1.5 x 
8 x 

4 

2 

5 x 10-8 

5 x 10-8 
1. 4x 10-7  

1. 5 10-7 

1.5 

I. 5 x  1 . 0 ' ~  
2. o 10-7 

1.2 10-7 
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5 x 

1. 6 x 
2.3 

3.9 

2 10-3 

6 x 

1.3 x 

1.34 x 



i A Richardson plot for  the activated cathode (Figure 20) yields a work 

Stable function of 1. 4 eV and a preexponential t e r m  of 0. 035 A / c m  2 2  deg . 
2 

emission was drawn repeatedly a t  the 300 mA/cm 

being due to space charge and the circuitry of the experiment but not due to 

the cathode itself. 

level, the limitation 

Discussion of activation. - The ultrapure Ni  ( less  than 40 ppm metallic 

impurit ies) used a s  the substrate in the present work is considered a passive 

base,  since i t  has none of the impurities (such as  Mn, Si, Ti o r  Mg) normally 

used a s  reducing agents. However, the 400 C bake decomposes the nitro- 

cellulose binder, leaving some finely- dispersed carbon which c a n  reduce 

a small  amount of the BaO to provide some f ree  Ba (likewise for Sr).32The 

carbon also reacts with CO 

the pressure  r i se  during activation. 

vation of the cathode i s  due to temperature alone and thus does not require 

the long times necessary fo r  chemical activation. 

32 0 

to form GO, which is the pr imary constituent in 

Except for the above reaction, the act i -  
2 

Recent studies of vacuum-activated pure Ni-based oxide cathodes have 
2 29 a s  the maximum obtainable, reported emission levels below 250 d / c m  

and a limited life of 300-500 hours due to depletion of the carbon acti-  2 9 , 3 3  

va to1-3~  The emission obtained f r o m  the cathode described here was slightly 

better (300 mA/cm ); no attempt w a s  made to measure i ts  life. 
2 

RPT operation. - An attempt was made to use the retarding potential 

method to determine the work function of the oxide coating independently of 

i t s  electron emission. 

and the oxide-coated Ni  block was used a s  the elect ron collector. 

oxide-coated Ni  was a t  room temperature, the collected current a t  a given 

collector voltage kept changing with time, indicating a change in the surface 

F i r s t ,  the Mo block was used a s  the electron emitter,  

When the 

potential of the oxide coating. 

oxide coating a t  low temper'atures. A t  higher temperatures electron 

emission from the oxide coating prevented accurate measurement of the 

collected current. 

determined directly by the retarding potential technique. 

This is  caused by the low conductivity of the 
32  

Thus the work function of the oxide coating could not be 
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Figure 20. Richardson plot of electron emission from the activated oxide cathode 
a s  a function of temperature. 



1 

cause a cyclic temperature change of the cathode and thus a cyclic emission 

The connections to the triode were then reversed, making the oxide- 

coated Ni  the electron emitter and the Mo block the collector, in an attempt 

to obtain the work function of the oxide coating from the potential difference 

between the two as indicated by t h e  kriee of Z. re t~rdi i ig  p ~ t ~ i i t k ?  c ~ r v e .  

However, the N i  filament on which the Ni  block was mounted had a long 

thermal t ime lag which interacted with the emission regulator circuit to 

Oxygen poisoning. -The effects of 0 upon the electron emission of the 

oxide cathode has been examined a s  a function .of cathode temperature and 

total pressure;  the data in Figure 21 f o r  970 K a r e  typical of the results 

obtained. 

and heating the oxygen leak, the emission current dropped to zero (i. e. , below 

P x 1 0  

was turned off,  the emission began to recover somewhat (to a level about three 

decades below its initial level), even though the total pressure remained high. 

During the beginning of this period, the partial  pressure gauge showed a rapid 

disappearance of the 0 

the electrodes and tube walls by 0 

be restored completely by heating the cathode to about 1350 K for approxi- 

mately 2 minutes. 

up to 2 mA (cathode temperatures up to 11 30 K) and for  pressures  between 
- 6  -4 

10 and 10 tor r .  At higher temperatures some reactivation occurred; a t  

lower pressures  oxygen had negligible effect,. 

2 

0 

I 
When 0 was admitted to the system by closing the glass valve 

2 

-9 - 6  A) a s  the total p ressure  rose above 10 to r r .  After the oxygen leak 

peak, indicating a displacement of other gases f rom 
2 

At this point the original emission could 
0 

2' 

This general behavior was observed a t  emission currents 
0 

Hydrogen was admitted to the system to investigate i ts  effect on the 

0 -poisoned oxide cathode. 
2 

of H 

turned off; the emission again drops to zero and again recovers partially af ter  

the H 

The second part of Figure 21 shows the effect 

on the partially recovered emission obtained after the 0 
2 2 

leak had been 

0 
filament is turned off. (Heating the cathode to I350 K res tores  

2 
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ing the effects of adding O2 or  H2 to the system. 
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completely the original emission level. ) In general, the addition of 0 

either in  the presence of H atmosphere o r  not, first reduced the emission 

level to zero,  the emission recovering partially af ter  the 0 

off. 

admitted to the system, within the limits noted above. 

2 

2 
leak was turned 

and 0 
2 

- 
2 'Lhese results were independent of the order oi- ailioiiiit of 2 

The reduction of emission due to the presence of hydrogen i s  somewhat 

surprising in view of GarbePs work with commercial  tubes3!in which he noted 

a slight improvement in emission. 

ducing agent involved in converting the BaO to free  Ba; for the pure nickel 

the only reducing agent is carbon from the nitrocellulose binder, whereas the 

commercial  Ni  bases contain many metallic impurities which can act  a s  r e -  

ducing agents. poisoning, the emission could be 

restored by heating alone suggests that the process is dominated by 0 

sorption and desorption, and that effects due to i r revers ible  chemical changes, 

i f  they ex is t , a re  small. 

to produce CO; removal of carbon by this method would tend to shorten cathode 

life. 

The difference may be in the type of r e -  

The fact that, following 0 2 
ad-  

2 

One would expect the oxygen to interact with the carbon 

Sputtering by HiEium Ions 

Helium was chosen a s  the gas to be ionized to avoid the complication of 

possible chemical reactions o r  work function changes due to adsorbates. 

helium was admitted to the tube where it was ionized by electron emission 

from the Mo block. 

ence in potential between the anode and the oxide cathode, and the effect of 

sputtering was determined by the change in oxide cathode emission current 

a t  constant temperature. 

t o  res tore  the emission. 

The 

The maximum ion energy was determined by the differ-  

0 
After sputteringathe cathode was heated to 1350 K 

The data s o  obtained a r e  listed in the following table. 

TABLE V 
t 0 Bombardment on C-10 Oxide Cathode Emission at  1278 K Effect of He 

He' Emission 

Approximate Before After After Heating 
Energy Density Bombardment Bombardment to 1 350°K 

170 eV 4 . 5 ~ 1 0  ion/cm 
500 eV 3 x  IO 17 ion/cm 2 2. 2 1 0 - 4 ~  4 x lO-'A 8. 2 x IO--A 

3 . 2  I O - ~ A  1 x I O - ~ A  2 . 2  x io-:. 15 2 
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+ 
At both ion energies the emission dropped as  a result  of He bombardment 

and was only partially restored by heating. 

than 1350 K decreased the emission still further. 

change in the oxide coatirig due to He 

moval of the oxide coating by sputtering. 

burned out and prevented further measurements. 

Heating to temperatures higher 
0 

Thus there was a permanent 

boiiibardxeiit, p r ~ b a b ! ~  d ~ e  t~ a re= 
t 

Unfortunately the Mo support filament 

STUDIES O F  ELECTRON BOMBARDMENT 
O F  ADSORBATES O N  TUNGSTEN 

INTRODUCTION 

There a r e  several  reasons for the recently increased interest  in the inter-  

For  example, action of low energy electrons (20-300 eV) with adsorbed layers. 

information gained f rom such studies contributes significantly to our under - 
standing of the basic physical mechanisms of adsorption. . 
interest  is the increased understanding of gas release in high vacuum tubes 

involving electron impact on glass o r  metal surfaces. Thus f a r ,  studies of 

electron interaction with adsorbed layers have been confined primarily to 

metal  surfaces with electronegative adsorbates. 

electron induced desorption i s  thought to be caused by electron excitation of 

the adsorbate into an excited ionic o r  repulsive molecular state from which 

desorption can occur. 

induced desorption is attributed to the rapid electron exchange between the 

adsorbate and the substrate which allows transition to the ground state before 

desorption is complete. 

Of more practical 

9-11, 34, 35 For  these systems, 

The rather low cross-sections measured fo r  electron 

Regarding electropositive adsorbates , studies of the electron induced 
11 3 

and cesium from tungsten show that no measurable desorption of barium 

desorption occurs. 

bonding electrons between the electropositive adsorbate valence le,vel and the 

F e r m i  sea of the substrate for metallic adsorption 

This i s  not unexpected in view of the rapid transition of 

It is not obvious, however, f rom existing knowledge wha.t one might expect 

from electron bombardment of a coadsorbed system containing both electro - 
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positive and electronegative elements such as cesium and oxygen. 

in gaining more information about the surface bonding of coadsorbed species 

coupled with the knowledge that coadsorption particularly with oxygen i s  

normative in many practical siiuatiwiis has iiiotivated this 

interaction with coadsorbates on tungsten. 

Interest 

of electror:  

There a r e  several  approaches one can use for studying electron bom- 
10 9,34 b ardment  induced surface interactions. Redhead and Lichtman 

collected and measured the desorption products, while Menzel and Gomer 

and Zingerman and Ishchuk measured changes in the residual gas layer. 

Redhead bombarded an oxygen-covered molybdenum ribbon with electrons, 

then energy analyzed the resulting ion current. 

11 

3 5  

Lichtman, using a very 

sensitive mass  spectrometer analysis, was able to detect, identify and meas-  

u re  both ion and neutral desorption products of carbon monoxide on molybdenum, 

Gomer,  using field emission methods, measured the changes in the residual 

coverage after electron bombardment of a tungsten t ip with various initial 

coverages of oxygen, hydrogen, barium o r  carbon monoxide. 

Our experimental technique i s  similar to that of Gomer, in that a tungsten 

field emitter i s  used a s  the substrate. 

c ros s  -sections for  desorption can be determined directly f rom changes in 

emission characterist ics f rom a well-defined micro-surface area.  

This method offers the advantage that 

METHOD OF APPROACH 

Maximum cross  -section for electron idduced desorption can be deter-  
11 

mined from the following kinetic arguments. 

I T .  of species j ,  the following f i r s t  order reaction for the rate  of coverage 

change for an electron flux N 

For  a given surface coverage 

J 
is given by 

e 

2 2 
where b. i s  the cross-section in cm if the units of N a r e  electron/cm /sec.  

The above equation can be integrated to yield the following expression f o r  
J e 
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2 
the cross-section in cm : 

3 . 6 8  1 0 - l ~  

J b. = 
J 

2 
where J i s  the current density in  A/cm and Q . (8) and 6. (t)  refer to 

J J 
coverages of state j at  times 0 and t respectively. Values of work function 

change A$ obtained directly f rom field emission I(V) data analyzed according 

to  the Fowler-Nordheim (FN) Equation (8) may be used to determine 

from previously established $ (a. ) relationships. If we assume 

6 
j 

J 

0 = 8 ,  t C . d  
J j  

(25) 

where (loo is the work function when 0 

Equation (24) becomes 

= 0, and C, is' a constant 
j 3 

3 . 6 8  b. = 
J 

J 

In view of the fact that the Fowler-Nordheim preexponential A var ies  with 

coverage as follows: 

-g  bj A = A  e 
0 

where g is  roughly constant for adsorbates of low polarizability, it follows 

that Equations (24) and (27)  can be combined to give 

where A. , At and A, 

sponding to times 0 ,  t and 00 . Calculation of cross-section by both Equa- 

tions (26  and (28) can be used to provide a check on self-consistency. Since the 

reference value of A refers  to the clean substrate A it is convenient to 

a re ,  respectively, the F - N  preexponential cor re-  
1 

S Y  
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rex.x!rite I?n,iaf;ntt (28)  2 s  - -l--”.- A =  

( 2 9 )  
3.  68 x -B 

b. J = J 1% I r 5 - 1  CXY 

4 - 
where t5e subscripts have the same significance a s  above a.r.d B = ln  A /A.  

S 

EXPERIMENTAL PROCEDURES 
.* 

3 
The experimental tube used f o r  this work has been reported previously . 

Briefly,  i t  i s  a dual purpose probe tube, shown in Figure 2 2 .  In this txbe 

design the same s e t  of electrodes a r e  used a t  differer,t t imes a s  the beam 

forming electrodes f o r  the bombardment beam and a s  Faraday collection 

electrodes f o r  emission f rom a smal l  portion of the emit ter .  

emit ter  and the Faraday collector of the probe can be used along with the 

suppressor  electrode element as  par t  of the lens system to focus electrons 

onto the emit ter .  This insures that the bombarding electron-s s t r ike  the 

emitting portions of the tip in a nearly uniform fF-shion. 

A thermionic 

The work function obtained from the Fowler-Nordheim analysis of the 

total  current  I(V) character is t ics  of the tip are average values heavily 

weighted towards the low work function crystallographic planes; hence, i f  

electron induced desorption causes the work fuliction to  dec rease ,  the effect 

will be measured  whether o r  not the incident electron beam is uniform over 

the tip. Elowever, if the electron beam is nonuniform and the work function 

increases ,  it is necessary to analyze the region of the surface where the 

change occurs.  The present  tube arrangement a s su res  the beam to irnpipge 

uniformly over the surface; hence, total cur ren t  measurements can be mean- 

ingfully employed. The tube shown i n  Figure 22 has two sources,  one of which 

contains the usual cupric oxide-f i l led platinum bucket serving a s  an oxygen 

source znd the other a platinam platfarm upon which either cesium o r  mercu ry  

i s  deposited. The tube was designed to be inserted into a liquid nitrogen 

cryostat  where the measurements were performed. Typically, the experi- 

mentsl procedure was as  follows: 1) the t ip was dosed a t  77OK with oxygen, 

6 2  



Figure 22. Electron desorption studies tube. 
B is a tungsten filament used a s  the electron source,  C i s  a lens 
arrangement that can b e  used either to focus the electron beam o r  
as a Faraday collector, D is a phosphor screen,  and E is a collectL 

A is  a tungsten field emit ter ,  

6 3  



2) the t ip  was  then heated to thermally equilibrate the oxygen a t  

3) either cesium O F  mercury was then deposited a t  77OK and equilibrated 

a t  250 to 300°K, 4) the surface w a s  bombarded with electrons with the tip 
1, -1 1 - L 770, P I T Z \  
llc1u d L  t t LL, 5) 

is t ics  of the emitter recorded. 

500°K, 

pei=iodi'~ei~Ply the gun was turned of f  and the J-\ v y  characier-  

The calibration of the electron beam a t  the emitter was determined f o r  

several  accelerating voltages. 

replaced by a backup plate with a Faraday collector arrangement consisting 

of a large plate with a 15 mil diameter aperture placed in the same position 

a s  the emitter.  

a la rger  aperture was used a s  a suppressor to return secondary electrons to 

the cup and the aperture plate. Knowing the total current collected and the 

a r e a  of the small  aperture,  the current density a t  the same spatial position 

a s  the emitter was obtained. 

The tip assembly shown in Figure 22 was 

Between the aperture and the Faraday collector, a plate with 

3 
Originally the calibration was performed before the t ip was inserted; 

subsequently, the filament of the gun had to be replaced resulting in a change 

in the gun characteristics. 

a f te r  the electron desorption had been completed. 

current  densities used for the electron desorption were lower by almost a 

factor of 10 than the gun capability would allow at best focus condition. Table VI 

shows the calibration of the current density a t  various electron energies. 

This made i t  necessary to recalibrate the gun 

It was then found that 

TABLE VI 

Relationship between the energy of the bombarding electrons and the current  

density a t  the tip 

2 
Bombardment energy (eV) Current Density (ma /cm 9 

2 50 

20 0 

150 

100  

64 

. 605 

. 351 

. 1 7 6  

e 062  



P r i o r  to dosing the tip, the gun was run for a slightly longer time than 

The contamination level that required for the experiment to be performed. 

of the t ip due to operation of the gun alone could thus be determined. The 

operap;on tillle of the g.cn then c;iosen to “ue s-ufficieiitly- Sli0i;i io eliiIlirlaie 

detectable work function change of the emitter surface due to spurious con- 

tamination. 

of electron induced de sorption. 

This established a minimum level of sensitivity for the detection 

RESULTS AND DISCUSSION 

Oxygen- Tungsten System 

Analyzing the work function change with time according to Equation (231, 

the cross-sections for the desorption of oxygen from tungsten a t  three differ-  

ent electron energies were obtained as given in Table VII. 

TABLE VI1 

Desorption cross-sections for oxygen on tungsten a s  a function of bombard- 
ment energy. 

2 
Bombardment Energy (eV) 0. ( e v )  Cross  Section (cm ) 

2 50 6. 43 . 634 x 10 

1- 

-19 

200 6. 34 . 9 1 0  

100 6. 22 3.100 

No desorption was detected f o r  incident electrons less  than 50 V because of 

the low current  densities and a diminution of c ros s  -section with decreasing 

electron energy. 

A typical plot of the data according to Equations (26) and (29)  i s  shown 

in Figure 23. 

were calculated, 

to agree with previous measurements by Menzel and Gomer. l1  The values 

F r o m  the slopes of such plots, cross-sections for  desorption 

The values of a,= 5. 72 eV and B- = 2. 20 were chosen 
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t i n  minutes 

Figure 23. Work function changes and Fowler-Nordheim pre-exponential 
changes caused by bombarding an oxygenated W surface ($ 
6. 25 eV initially) with 100 eV electrons,  The data is plottr!? 
according to  Equations (26) and (29). 

= 
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of b. in Table VI1 clearly exhibit a maximum a t  the pr imary electron energy 

of 100 eV in agreement with observations by Redhead 

tion of 0 from Mo. The cross-section value b = 3. 1 x 10 c m  for removal 

of the loosely bound state of 0 a t  100 e V  is in close agreement with the 

4. 5 x 10-19cm value obtained by Menzel and Gomer 

initial coverages of 0 corresponding t o  work functions less  than 5. 72 eVthe c ros s -  

10 J 
on the electron desorp- 

-19 2 

j 

2 11 f o r  this system. F o r  

-21 2 section for  electron induced desorption is less  than 2 x 10 c m  which, for  

the t ime scales and current densities used in this experiment, would be unde- 

t e c t e d. 

C e s ium -Oxygen - Tung s t en System 

Cross-sections were determined for the desorption of C s  by 250 V electrons 

on five different underlying 0 coverages corresponding to work functions of 

5.  3 8  t . 0 1  , 5 . 5 3  t .02 , 6.03 t . 0 3  , 6.42 t . 0 2  and6 .  50 t . 0 4  eV. 

The results a r e  summarized in Table VIII. The initial coverage of Cs on the 

various OW surfaces was established f rom previously 

- - - - - 

3 
determined relationships. 

The results clearly show a definite change in work function and the pre-  

exponential factor caused by the impingement of low energy electrons on this 

composite surface. 

the mechanism leading to the work function change. First, it was found that 

heating the electron bombarded surface to the original Cs equilibration tem- 

perature did not res tore  the original pattern nor work function, thus ruling 

out a reversible change in state of the adsorbed complex. Several lines of 

evidence suggest that removal of 0 was not responsible for the work function 

change. 

work function of the composite surface, hence, i t s  removal should necessar-  

ily increase the work function. This however, was not always the case a s  

seen by the Table VI11 results. Secondly, for values of 0 
no perceptible desorption of 0 would be expected due to  the exhaustion of 

the labile adsorbed state, yet changes in a a r e  registered for  the composite 

system for 0 

Before proceeding further i t  i s  necessary to establish 

First, throughout the coverage range the presence of 0 lowers the 

less  than 5. 7 eV 
O W  

- 5. 7 eV. ow- 

67 



O N 9 9 9 * 9 C o  
~ 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0  . . . . . . .  
+I +I + I  +I +I + I  + I  +I 

cr) 
0 

+ I  
t- 
yr) 

I 

- s * m * m  
0 0 0 0 0 0  

+I + I  +I + I  + I  + I  
. . . . .  

m c r ) N m N d  
0 0 1 - ( . - ( d d  . . . . .  

I l l  

9 m N m  
0 0 0 0  . . . .  
+I +I +I + I  
F d N c r )  
N d 0 0  . . . .  

1 1 1 1  

* 
0 

+I 
t- 
m 

I 

. . .  . . . . . .  . .  
+I +I + I  + I  +I +I +I +I + I  +I + I  +I 
* - * m m 9 9 m F  9 

I 1  I l l  - 1  I 

d o O d N O O N O g L u  . . .  . . . . . .  . .  

m N N N *  
0 0 0 0 0  . . . . .  
+I +I +I +I  +I 

4 4 i . d d G  

m N N N  
o * * * m  

68 



It was found that redosing with C s  af ter  electron desorption always r e -  

stored the original pattern and work function of the surface. 

to occur on both sides of the work function minimum where the sign of A 8 
was reversed. 

sponsible for the work function change during electron bombardment. 

values of A 8 were therefore converted to cross-sections for C s  electron 

induced desorption by converting A to A (r f rom the 8(  (r) relationships for 

the appropriate composite systems. The results show that c ros s  -section 

values for  C s  desorption by 250 V electrons is negligible a t  low C s  cover- 

ages, regardless of underlying 0 coverage, and increases  with C s  coverage 

to 8 x 10  In view of the fact that no desorption of Cs  was detected 

for C s  on clean W throughout the coverage range, these results a r e  rather 

surprising and of considerable interest both from a practical point of view 

and as they elucidate basic changes in the binding mode of C s  to the substrate. 

This was found 

..T we therefore conciude that Cs is the desorbing species r e -  

The 

-20  2 
cm . 

The removal of C s  without disturbing the underlying chemisorbed 0 layer 

parallels the behavior observed during thermal and field induced desorption. 

According to the theoretical views set  forth to describe electron induced 

desorption, 

desorption or  de-excitation to the ground state. 

becomes electronically excited to a repulsive o r  unstable state in which r e -  

transitions to the ground state a r e  sufficiently slow to allow desorption of 

cs. 

11 electronic excitation to an excited state i s  followed by either 

Apparently the C s - 0  bond 

In view of the fact that neither Cs o r  Ba on clean W undergo electron 

induced desorption, we conclude that an important change in the character 

of the surface bond of C s  is effected by the underlying 0 layer. The rapid 

transitions of the delocalized bonding electrons for electropositive adsorbates 

with small  ionization potentials has been used to explain the near zero c ros s -  

section for Ba and C s  on W. In addition, Menzel and Gomer show theoret- 

ically that the increased mass  of Ba and Cs  decrease the cross-section 
3 

relative to 0 for  electron induced desorption by 10 . Thus the pr imary 

effect of 0 on the binding mode of C s  must be a significant reduction of the 

11 
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de-excitation transitions. 

only a few exceptions, the c ross  -section for electron desorption increases 

with increasing Cs coverage. 

cross-sections a r e  unaffected by varying the Underlying 0 coverage. 

re-enforces the conclusion that Cs is the desorbing species. 

of the increase in cross-section with Cs coverage i s  the possible lowering of 

the C s  binding energy which, according to Menzel and Gomer, can cause an 

increase in b 

It can be noted in the Table V i I i  results that, with 

Also in  several  cases at constant Cs  coverage 

This 

One explanation 

11 

j '  

The Mercury-Oxygen-Tungsten System 

The high value of adsorbate ionization potential (10. 2 V) for Hg may lead 

to a modified version of metallic adsorption in which the bonding electrons 

a r e  more  localized about the adsorbate. An indication of this stems from 
36 

the formation of a negative dipole moment on adsorption of Hg on W 

results in  an  increase in work function. 

the interaction of low energy electrons with the Hg/W and Hg/OW systems. 

The variation of work function with Hg coverage has been determined previously 

and could be used a s  a measure of the amount of Hg removed by the low energy 

electrons. 

which 

It was interesting therefore to examine 

3 6  

The electron induced desorption of Hg w a s  studied with 250 V electrons 
0 

over the entire coverage range of Hg on W a t  77 K. 

no electron induced desorption o r  rearrangement of the Hg layer occurred. 

It could be concluded that c ross  -sections for electron induced desorption of 

Hg must be less  than 1 x 10 

The results showed that 

- 20 2 
c m  . 

With the presence of an underlying 0 layer on the W substrate, the ad- 

sorption of Hg resulted in a diminution of work function rather than an increase 

in work function a s  adsorbed on the clean substrate. 

which the initial work function of the OW surface was 5. 2 eV, the adsorption 

of approximately Q 4  monolayer of Hg resulted in a work function decrease 

to 4. 3 eV. 

change in the binding of Hg to the surface and results in a positive dipole 

In one experiment in 

The presence of an underlying 0 layer apparently causes a radical 
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moment. 

duction of the temperature required to  remove Hg from the surface. 

for  the clean surface desorption of Hg from W requires approximately 600 K ,  

desorption of Hg from an OW layer whose initial work function was 5. 2 eV 

occurred a t  the low temperature of 300 K. 

preliminary, suggest the HgOW system should be interesting f o r  further study. 

A further interesting effect of the underlying 0 layer was the re -  

Whereas, 
0 

0 These results,  although very 

Again a s  in the case of the clean surface the interaction of 250 V electrons 

with a HgOW surface in which the initial work function was 4. 3 eV resulted 

in no perceptible change in work function. It was estimated, therefore, that 

cross-sections for rearrangement o r  removal of Hg by low energy electrons 

from a composite surface must be less  than 1 x 10 

clude that Hg adsorbed on clean o r  oxygenated tungsten i s  relatively insensitive 

to the impingement of low energy electrons. 

sections can be greatly reduced by increasing the mass  of the adsorbate. 

Since Hg is a relatively high mass  adsorbate, the results obtained a r e  not 

to tally unexpected. 

-20 2 
cm . Thus, we con- 

Theoretically, overall c ros s -  

FIELD ION AND FIELD EMISSION MICROSCOPE 
INVES TIGA TIONS O F  SPUTTERING 

INTRODUCTION 

The major  factor presently limiting the operational lifetimes of both the 

contact ion thrusters  and the electron bombardment thrusters  is the erosion 

of the ion-accelerator electrodes due to sputtering by ion bombardment. 

Sputtering also plays an important role in other problems in space physics, 

such a s  the erosion of rocket nozzles, ion bombardment of missi les  and 

satellites in the space environment, and the state of the surface of the moon 

due to solar wind bombardment. Sputtering i s  an important factor in other 

technical a r eas  being emphasized at  the present time; these a r e a s  include: 

(a) thin film physics in which sputtering is often used in the formation of 

thin films for electric components and circuits;  (b) high energy physics, in 

3 7 ,  38 
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which sputtering is one of the mechanisms by which high energy bombardment 

causes radiation damage in solids; (c)  plasma physics, in which sputtering 

is involved in the interaction of a plasma with the walls of i ts  container; 

(d) 

a surface a s  well a s  to roughen and contaminate it. 

understanding of the sputtering process would be helpful not only in the design 

of electron bombardment thrusters but to a number of other diverse a reas .  

surface physics, in which sputtering may be used to ciean and. srrlouth 

Thus a more  thorough 

Unfortunately, although physical sputtering i s  understood in a qualitative 

sense,  the complex nature of the interaction makes quantitative prediction 

of results in a new situation extremely difficult. 39Because of this, recent 

theoretical studies of sputtering have replaced the ear l ie r  analytical techniques 

with computer simulation, 

laws of motion for a l l  the atoms in a small crystal  struck by a bombarding 

particle enable the detailed trajectories of individual atoms to be determined. 

The results of such computer calculations can be compared with such experi- 

mental data a s  the yield (atoms/ion), angular and energy distributions of the 

sputtered particles,  a s  determined by techniques that examine in some fashion 

3 9 y  46 It should the sputtered particles emitted by an  ion bombardment target. 

be possible to determine from the computer studies changes occurring in 

and on the target;  these could be compared with direct examination of the 

target surface by field emission and field ion microscopy techniques. 

high magnification and resolution of the field ion microscope permits the 

examination of sputtering -induced surface damage and interior defects in 

atomic detail. Consequently these techniques complement those in more  

general use. 

40 -42 

in which numerical  integration of t h e  classical  
43-45 

45 

1 

The 

Application of Field Ion Microscopy to Sputtering Studies 

I1  47 
The field ion microscope, f i r s t  conceived by Muller, is a device of 

great interest  and importance in  the study of metal  surfaces 

ability to resolve individual atoms in a crystalline lattice. 

operation and summaries  of early experimental resul ts ,  the reader  is 

because of i ts  

For  i ts  theory of 
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r e fe r r ed  to review articles by Muller. 48’ 49 Only a brief discussion of i ts  

operation will be given here. 

The field ion microscope (FIM) i s  a diode, like the field emission micro- 

scope ( F E M ) ,  but with the voltages reversed. 

used to form the image. 

into the tube; the gas molecules a r e  attracted to  the neighborhood of the tip 

by their  dipole interaction with the inhomogeneous electric field. 

field near  the tip the molecules become ionized, producing ions that t ravel  

to the phosphor screen and form an image of the surface of the point anode. 

Although the magnification of the field ion microscope is about the same a s  

Ions instead of electrons a r e  

In order  to  have a supply of ions, gas is introduced 

In the high 
I 

The FIM anode tip can be kept free of contaminants f rom the gas phase, 

i f  helium is used a s  the imaging gas, by maintaining a field of 300Mv/cm o r  

higher on its surface; since all  other gases have ionization potential l ess  than 

that of helium, gas molecules other than helium will  be ionized a t  a distance 

and wil l  never reach the tip surface. At st i l l  higher fields (500 Mv/cm for 

tungsten) atom layers of the tip material a r e  removed from the tip surface, 

permitting examination of successive underlying atom layers. 
48 

Thus, the field ion microscope can be used advantageously in sputtering 

studies for  several  reasons: (1) Individual sputtering events may be examined. 

(2)  Gross  damage in the interior of the target crystal ,  a s  well a s  on i ts  surface, 

may be examined in depth by removing atom layers  f rom the anode t ip by field 

evaporation. (3) The shape and structure of the target surface a r e  known 
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in atomic detail. (4) Since the t ip surface i s  approximately hemispherical 

i n  shape, a l l  the crystallographic directions associated with the crystal  

s t ructure  of the target can be viewed in its field ion pattern; by rotating the 

t ip  about i t s  axis different crystal  faces may be exposed to  the bombarding 

beam. ( 5 )  If a beam of neutral atoms i s  used as  the bombarding beam, the 

surface of the target may be kept absolutely f ree  of extraneous contaminants 

during bombardment, so that effects due to surface contamination a r e  elimi- 

nated. 

serious of which is the high value of mechanical s t r e s s ,  due to the electric 

The FIM also has some disadvantages associated with i t ,  the most 

I 

The application of the field ion microscope to studies of sputtering and 

radiation damage so f a r  has been limited. We have examined Xe ion bombard- 
5 

ment of W for energies between 100 and 1300 eV. 3’ 50 M:ller and Sinha Ialsd 
2 

Brandon and Wal$ have observed surface damage resulting from bombard- 

ment of W and Pt  tips with 5. 4 Mev alpha particles f rom a polonium source ,  

with He or A ions of energies between 25 and 300 eV,49 and bombardment of 

, 49 
I 

I W with 20 kev He o r  Hg atoms5l In their lat ter study they found that the su r -  
, face damage due to He atoms consisted of vacancies, interstitials and clusters 

of these defects, and a disordering of the lattice in about a 50 to  100 A diameter  

region, with some of the damage appearing on the side of the tip opposite to the 

bombarding beam (tip radius of 900 A).  Bombardment by Hg atoms caused 

even more  extensive damage, permitting field evaporation of entire close- 

packed net planes up to 200 A in diameter. 

Application of Field Electron Microscopy to Sputtering Studies 

The field emission microscope, described in a previous section, has been 

used extensively in surface studies, because in i t  such pertinent parameters  

as substrate temperature, substrate surface electric field, and adsorbate 
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coverage may be varied over wide ranges. F o r  this same reason the FEM 

is useful in sputtering studies even though i ts  resolution (20  to 30 A) i s  not 

a s  good as that of the FIM; i t  may be used to investigate the effects of target 

temperature o r  of thin fi ims upon target damage. 

made of the FEM in sputtering studies; Martin, e t  al. , 53 and Ehrlich and 

H ~ d d a ~ ~  have reported the sputtering of W by r a r e  gas ions fo r  which neither 

the energies nor the directions were well-defined. 

So far  iittie use has been 

FIM STUDIES O F  HE ION BOMBARDMENT O F  W AND IR 

An investigation in atomic detail of the surface damage and interior 

damage in tungsten caused by bombardment of a few Xe ions has been r e -  

ported previously. 

broaden the above study to include other r a r e  gas ions and targets of different 

crystalline structure. 

gations of He ion sputtering of clean tungsten and iridium. 

3, 58 ne of the objectives of the present contract was to 

In this section a r e  presented the results of FIM investi- 

Experimental Tube and Techniques 

Field ion microscope design. - A  diagram of the field ion microscope 

used in this work i s  shown in Figure 24. 

i s  etched in the form of a needle with a very small  radius (100-500A) in order  

to obtain the high fields necessary for  image formation a t  reasonable voltages 

(5-25 kV). 

loop, in order  that the target may be heated controllably. 

turn mounted to a four-wire press  s o  that the target temperature may be 

monitored. 

sc reen  diameter of 5 inches and a target to screen distance of 10 cm. 

applying the phosphor screen,  a conducting layer of tin oxide i s  formed on 

the glass surface. 

was.foundto be unnecessary and was replaced with a single loop ring, thus 

eliminating a possible source of contamination. 

The metal  to be used a s  a target 

The target needle is mounted by spot-welding i t  to a 10 mil  tungsten 

The W loop i s  in 

The tube envelope is fabricated f r o m  pyrex glass with a viewing 

Before 

+ 
The metal  cone surrounding the target in the Xe -W study 
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&op!as,lr,atr=n is= gur, design. ~ The ion sc?iirce f o r  the X e  ion bombard- 

ment study was replaced with a new design in order  to reduce some of the 

contamination problems associated with the ion source operation. 

ion source (Figure 25) is patterned after the duoplasmatron ion source de- 

The new 

55 
veloped by von Ardenne. In this source a plasma i s  established between the 

I anode (C in Figure 25) and another elelctrode D by electron ionization of a gas 

1 a t  relatively high pressure(30L100 EJ. torr) .  

C and D confines the plasma. 

a small  aper ture  (0. 005" D) in the anode by applying a high voltage ( 3 - 7  kV) 

Because 

A solenoidal magnetic field between 

An ion beam is  drawn from the plasma through 

I to an extractor electrode B positioned very close to the aperture. 

of the smal l  aperture in the anode, large pressure  differential may be main- 

tained between the ionizing region of the ion source and the main body of the 

FIM tube, permitting the formation of an ion beam of sufficient current 

density (1  EJ. A / c m  ) for  our present purposes, while maintaining good vacuum 

in the target a r ea  of the tube. A retarding potential analysis of a He ion beam 

showed that the energy half-width of the ion beam was approximately 6 eV and 

the beam potential was within 1 V of the applied potential over the range of 

2 

I 

I extraction and gocusing voltages used in subsequent experiments. 

Procedure. - The microscope was operated on a bakable, gas-handling, 

mercury  diffusion vacuum system. After sealing onto the vacuum system, the 

tube was evacuated and baked overnight a t  400 C ,  resulting in  a vacuum of 

better than 10 

temperature.  

0 

-9 
2 

torr .  During tube operation the targettwas kept a t  liquid N 

The procedure used in these investigations was the following: 
i 

(1) the tip of the metallic needle used as the target was f i r s t  

field desorbed in the presence of 4 EJ. t o r r  of He imaging 

gas to obtain a smooth and clean W surface; 

( 2 )  then 100 p t o r r  of He was admitted into the ion gun and 

the He in the FIM bulb was pumped out, while maintaining 

the high viewing field in the region of the t ip to prevent 

any contamination; 
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( 3 )  the field at the t ip w a s  then reduced to zero,  and the 

tip w a s  sputtered for a period of 5 to 10 seconds with 

a He ion beam of known energy and density, the la t ter  

being determined by the amount of charge collected in 

a Faraday cup arrangement; 

(4) the viewing field was again applied to the tip, the imag- 

ing gas readmitted, and the resulting field ion pattern 

photographed. 

One difficulty that a rose  with the tube design used here  w a s  that of 

aligning the target t ip  with the ion gun and the Faraday cup; thus the number 

of ions and ion density hitting the t ip a r e  known only approximately. 

at any given ion energy the ion beam profile could be kept constant, so that 

the number of ions hitting the t ip w a s  proportional to the charge collected by 

the Faraday cup; thus sequential events could be followed. 

smal l  s ize  of the tip, the ion beam density was uniform over its cross-section. 

However, 

Also, due to the 

Results 

He ion bombardment of W. - The sputtering of W by He ions has been exam- 

ined for ion energies of 50 eV, 100 eV, 500 eV, 1 keV, and 4 keV a s  a function 

of the number of ions hitting the tip. 

sputtering by 4 keV ions a r e  given in  Figures 26-28. Figure 26(a) is the initial 

pattern before sputtering, and Figure 26(b) identifies the major planes. Figure 
2 

27(a) i l lustrates the amount of sputtering done by 0. 4 x 1014 ions /cm of 4 keV 

ions; Figure 27(b), by 0. 8 x 10 

a n d  Figure 28(b), by 1 .  6 x 10 F o r  these pictures the radius of the 

t ip  was estimated f rom a determination of the best  image voltage to be approxi- 

mately 450 8; thus, approximately 450 ions have hit the visible portion of the 

t ip  between successive patterns. 

in Figure 27(a) yields approximately 360 events; extrapolation of Rosenberg 

and Wehnercs data 

sputtered atoms for the 

A sequence of field ion patternsi i l lust  rating 

14 2 14 2 
ions /cm ; ions/cm ; Figure 28(a), by 1 .  2 x 10 

14 2 
ions/cm . 

A rough count of the displaced and missing atoms 

56 
fo r  low energy bombardment would give approximately 24 

same number of 4 keV He ions. Thus most of the 
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events a r e  rearrangement of atoms on the surface. 

the damage can be seen to  occur on the beam-incident side of the tip. 

rows of a toms a r e  missing from the uppermost (100) atom layer and from 

just  to the left of the (211) plane. 

seen on the side of the tip away from the beam. 

In Figure 27(a) most of 

Whole 

- 
A few displacements and removals can be 

Further  bombardment causes considerable additional change, a s  shown in 

Figure 27(b). Many of the displaced atoms in Figure 27(a) a r e  missing in 

Figure 27(b), indicating that sputtering can be two- o r  multi-step process,  

a s  has been suggested by Harrison and Magnuson. 

this clearly can be followed on the (21i) plane. In Figure 27(a)  three a toms,  

very likely displaced from the edge of the uppermost atom layer of the (211) 

planetare sitting on top of it. After further bombardment in Figure 27(b) the 

three atoms a r e  unchanged although changes have occurred on the edge of the 

supporting atom layer. 

been removed. 

Similar sequences can be followed in many other portions of the pattern, thus 

clearly showing that sputtering can be a multi-step process,  in contrast to 

a recent postulate. 

41 A sequence illustrating 

- 

In Figure 28 (a) only two atoms a r e  left, one having 

In Figure 28(b) the remaining two have been removed. 

57 

The 4 keV ions give enough energy to the tip to cause internal defects in 

structure.  In Figure 29(a) mater ia l  to a depth of one (211) layer has been r e -  

moved f rom the tip, thus removing most but not a l l  of the surface damage due 

to sputtering. 

index regions. 

removes most of this disorder; however, a dislocation line through the (100) 

plane can be seen, a s  well a s  some minor defects in other regions. The r e -  

moval of four (1 10)  layers a r e  required to res tore  the tip to i t s  initial 

condition. 

Considerable disorder i s  left in the (100) regions and in high- 

The removal of one more (21 1) layer,  as  in Figure 29(b), 

The ion patterns of Figures 30(a), 30(b) and 31 were taken af ter  sputtering 

ions/cm 
14 2 

the tip with an ion density of 0. 4 x 10 

500 keV, 500 eV and 100 eV, respectively. From these patterns and the 

pattern in Figure 27(a) it can be seen that the number of displaced and 

at  ion energies of 1 keV, 
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missing a t o m s  decreases 2 s  the ion energy decreases .  in the energy range 

investigated. Also, a s  would be expected, the depth of damage decreases 

with decreasing energy. 

damage appears on the beam-incident side of the tip; in contrast, for 100 eV 

Xe ion bombardment of W most of the damage appeared on the far side of 

the t ip in the form of missing atoms. 

Over the energy range investigated, most of the 

3,50 

The number of displaced and missing atoms in different regions of the 

sputtered patterns were determined by direct count, using Muller's two-color 

technique ?o distinguish between the movdd and the undisturbed atoms. 

counts were performed on the sputtered patterns a t  a l l  He ion energies except 

4 keV, for  which the surface damage was so extensive, involving several  

hundred events per pattern, that an accurate count was difficult i f  not impos- 

ible. 

missing atoms which a r e  sometimes difficult to locate. 

of such missed events i s  probably small compared to  the total number counted, 

and thus would not significantly affect  the results. Tables IX to XI1 summarize 

some of the important features of the atom count data. 

I 1  

5 
Atom 

I 

Even a t  lower energies some events may not'have been counted, especially 

However, the number 

In Table IX a r e  given the results of atom counts f rom a sequence of ion 

patterns for  bombardment by 1 keV ions. 

number of ions that have hit the target between successive patterns; the second 

column (added atoms) gives the number of atoms that have moved more than 

one lattice site; the third column (displaced atoms) is the number of atoms 

that have moved only one lattice si te;  the fourth column is the number of missing 

atoms; the fifth column is the difference between the second and fourth columns 

and is the net interchange of atoms between the visible portion of the target 

and the res t  of the target and i t s  environment; the sixth column (number of 

sputtering events) i s  the total of columns two, three and four. These data 

exhibit several  features cf the sputtering process.  F i r s t ,  the ratio of sputtering 

events to bombardment ions decreased with increasing number of ions. 

was also observed a t  other ion energies. 

to the environment i s  a small  fraction of the total number of sputtering events 

The f i r s t  column gives the approximate 

This 

Second, the number of atoms lost 
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at 211 the inn energies '  investigated. However, for 1 keV ion bombardment 

the number lost (32) is in good agreement with the yield extrapolated from 

Rosenberg and Wehner's data for  these conditions. 56  Finally, there  a r e  large 

fluctuations in  any one column, related to the statist ical  nature of the ion 

impact. 

TABLE IX 

Number of Sputtering Events on W a s  a Function of 
Number of Bombarding 1 keV He Ions 

Approximate 
Number 
of Ions 

Added 
Atoms 

Displaced 
Atoms 

4 50 

+450 

t 4 5 0  

t 4 5 0  

+450 

Total 

2250 

4 3  

35 

32 

1 9  

1 3  

142 

29 

27 

11 

9 

6 

8 2  

Missing Net 

42  -1 

54 1 9  

30 - 2  

19 0 

29 1 6  

Atoms Diff e renc e 

1 7 4  32 

Number of 
Sputtering 

Events 

114 

116 

73 

47 

48  

398 

In Table X the number of sputtering events in  a region of the ta rge t  lying 

between the two angles of incidence listed a r e  given as a function of the angle 

of incidence for different ion energies. 

not seem to be a strong function of the angle of incidence for  the side of the 

ta rge t  exposed to the ion beam; a slight shift i n  the maximum number toward 

lower angles incidence as the bombarding ion energy is increased can be 

noted. 

on the side of the target  where no ions can hit directly. 

events occurring on the back side of the target  was 870 for  50 eV ion bombard- 

ment, 12% for  100 eV ions, 1470 for  500 eV ions, and 1870 for  1 keV ions. 

These events a r e  not just atoms that have migrated f rom the beam-incident 

The number of sputtering events does 

However, there is a surprising number of sputtering events occurring 

The percentage of 
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TABLE X 

Number of Sputtering Events on W a s  a Function of Angle of 
Incidence for He Ion Bombardment 

Angles 50 eV 100 eV 500 e V  1 keV 

30 - 50 53 54 77 121 

50 - 70 64 63 92  99 

70-90 65 65 84 96  
.b 

9 0 - 1 1 0'- 12 19 29 37 
\id 

1 10 - 1 30"- 2 

130-1 50 3 
J. *c  

5 

2 

8 22  

5 11 

:g These regions a r e  on the side of the target  opposite the ion beam. 

Table XI lists a normalized sputtering event density a s  a function of the 

crystallographic region of the target for the various bombardment ion energies 

fo r  which atom counts were taken. 

the ion pattern is essentially hemispherical, all of the crystallographic direc- 

tions associated with the bulk c rys ta l  s t ructure  a r e  exposed, and comparisons 

can be made among the various crystallographic regions. 

sputtering event density is obtained by dividing the number of events on a 

par t icular  type of crystallogrpahic region by the total a r e a  of that type of 

region over the visible portion of the target and by the total number of events 

a t  the particular ion energy. 

6 11l ' s) the a r e a  includes only the uppermost atom layer on each plane in a 

given family of planes. 

Since the portion of the target  visible in 

The normalized 

For  the major planes ( C l l O ]  ' s ,  {loo] ' s ,  klg ' s ,  

.) 

The other regions were chosen as those lying between 

two major planes (for example, the {310-210] regions lie between the 1100] 

and the [110] planes, etc. ) .  

is  obtained f rom the square root of the number of events on each type of region. 

F r o m  the data of Table XI the crystallographic regions a r e  ranked in Table XI1 

The uncertainty in  the sputtering event density 
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I in  o rde r  of decreasing sputtering event density. 

~ TABLE XI 

~ 

I 

Normalized Sputtering Event Density a s  a Function of W Crystallographic 
Region for  He Ion Bombardment 

Family of 
Regions o r  Planes 

i 

p o l  
11003  

I c2113 

p 2 1 3  
L431- 3213 

{433-322< 

I Total Number 
I of Events 

50 e V  

O ( 0 )  

1 3  + 9(2) 

1 3  + 3(17) 

20 + lO(4) 

- 
- 
- 

1 3  + 2(55) - 
14 + 2(49) 

9 - + 3(12) 

7 + l ( 4 7 )  

11 + 3(15) 

- 

- 
- 

20 1 

100 e V  500 eV 

O(0)  2 - + l ( 2 )  

10 + 4(5) 

10 - + 3(13) 

24 + lO(6) 

8 + l ( 4 2 )  

16 + 2(54) 

10 + 3(16) 

8 + l(54) 

1 7  + 6(8) - - 
9 + - 2(19) 

1 9  + - 6(9) 

10  + l ( 7 7 )  

1 7  + 2(74) 

8 t 2(18) 

7 - t l ( 6 8 )  

- 
- - 
- - 
- - 
- 

14 + - 3(21) 11 - + 2(26) 

21 1 30 1 

1000 eV 

6 - + 2(8) 

1 3  - + 4(9) 

10  - + 2(23) 

9 - t 5(4) 

14 t l ( l 0 2 )  

1 5  - + 2(82) 

10  + - 2(18) 

11 - + l (127)  

11 - + 2(25) 

- 

398 

The numbers in parentheses a r e  the total number of events occurring on 
I that family of planes o r  regions. 
I 
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TABLE XI1 

Ranking of Crystallographic Planes and Regions 
in Order of Decreasing Sputtering Event Density 

i 2 2 l ’ j  

{431-3213 

100 eV 500 eV 1 keV 

Although the uncertainties a r e  large, some tentative conclusions can be 

drawn from the data of Tables X I  and XII. 

event density is highest on the 

of the 11 1 planes drops f rom f i rs t  to  next to last ,  not due particularly to a 

change in the number of events occurring on the { 11 llplanes, but because 

more  events a r e  occurring on other planes. The 311 regions, which l ie 

between the {211] and the {loo] planes have the next highest sputtering event 

density a t  low ion energies and the highest sputtering event density a t  1 keV 

ion energies. It can be seen from Table XI1 that the [ l o o t  planes and their  

At low ion energies the sputtering 

111]planes. At 1 keV ion energy the ranking 

[ J  

L J  

surrounding regions (the and the L310-21Of regions) become relatively 

more  important a s  the bombardment ion energy increases.  

event density is least  on the i l l 0 1  planes throughout the ion energy range in-  

vestigated. However, a s  the bombarding ion energy is increased, the differences 

between the various crystallographic regions become less ;  this has been observed 

previously in ejected sputtered atom patterns. 

The.sputtering 
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Platinum. - An attempt w a s  made t o  use a piatinum needle as the sputtering 

target ,  in  order  to investigate the sputtering of a metal with a fcc  crystal  s t ruc-  

ture .  

which w a s  held a t  a temperature of 77 K. 

voltage for  He imaging w a s  above the Pt desorption voltage; thus a stable image 

w a s  not obtained. 

W e  were not successful in obtaining a good ion pattern of the Pt target,  

At this temperature the best  image 0 

The Pt surface w a s  imaged with H- g a s ,  but the many-faceted 
48 L 

endform typical of He imaging a t  liquid hydrogen temperature was not obtained. 

Liquid hydrogen cooling was not t r ied  because it was not available to u s  a t  the 

t ime of this work. 

He ion bombardment.of Ir. - Since iridium i s  a fcc metal  that is more  r e -  
0 

f ractory than platinum, and a t  77 K has a He best image voltage below its field 

desorption voltage, it was used as a ta rge t  for  He ion bombardment. 

difficulty in obtaining Ir needles sharp  enough for field ion microscopy. 

drop-off method of etching t ips,  described elsewhere, w a s  used; the zone- 

melted Ir metal  w a s  so  soft that usually the needle blank dropped off too soon, 

leaving a t ip too dull for  ion microscopy, o r  bent, producing work-damage in 

the tip, such as  is seen in  the field ion pattern of Figure 3 2  (a). 

We had 

The dc 

The Ir target shown in  Figure 3 2  (a) was bombarded by 100 eV He ions 

and a sequence of four ion patterns taken, the las t  of which is Figure 3 2  (b). 

A total of 75 sputtering events were counted in the four ion patterns;  the Ir 

target  had been bombarded by one -half the number of He ions that caused 21 1 

sputtering events on the W target.  According to Rosenberg and Wehne2'the 

sputtering yield of Ir and W bombarded by 100 eV He ions a r e  approximately 

the same;  these resul ts  a r e  in rough agreement. 

c rys ta l  boundaries and other defects i n  the Ir target,  no attempt was made to 

cor re la te  the number of sputtering events with crystallographic regions o r  

angle of incidence. 

the side of the target  away from the ion beam. 

defects in the target ,  it is surprising that so much energy is channeled through. 

Because of the multiple 

Of the 75 sputtering events counted, 15 ' ( 2 0 % ) '  were on 

Considering the number of 

An Ir target  that was f r ee  of crystal  boundaries and most other defects 

was produced (Figure 3 3 )  and used as a target for  500 eV He ion bombardment. 
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TT- u l l f ~ ~  -+..,,+ I - u i i a L 2 ? j F  the b e s t  ir-age voltage for this sequence was misjudged, allowing 

some field desorption of the, surface during the photographing of the ion patterns 

and  thus changing the sputtering results. 

this a rea .  

No further results were obtained in 

FEM STUDIES OF CS ION BOMBARDMENT OF W 

3 

that study the ion density striking the target and direction were not known. 

the present study the ion beam is monoenergetic, unidirectional and of measured 

density . 

A preliminary study of Cs ion bombardment of W has been reported; in 

In 

Experimental Tube and Techniques 

FEM sputtering: tube design. - The tube used in this investigation i s  shown 

in Figure 34; i t  contained an ion gun to f o r m  a unidirectional ion beam, a FEM 

arrangement  to determine the changes in the target due to sputtering, and an 

ion collector assembly to measure the ion beam current  density. 

ion sourcecom?*ed of cesium aluminosilicate , described in an ear l ie r  section, 

coated onto a resistively heated Pt-l3?0 Rh filament. 

so chosen that to the emitter and ion collector assembly the ion beam appeared 

to be coming from a point source situated at  the ion source. The target,  in 

the form of a field emitter,  was mounted on a filament connected to a four-  

wire p re s s ,  so that the target temperature could be controlled and monitored. 

The cesium 

The ion gun potentials were 

Procedure. - In order  to establish f i r s t  the effect of cesium ion bombard- 

ment on the surface of clean tungsten, the following procedure was followed: 

(1) 

mately 2400 K (the resulting field emission pattern i s  shown mFigure 35 (a) ,  

and the current-voltage characteristic of the clean target determined. 

The emitter was then bombarded by cesium ions of known energy and amount 

(resulting in a pattern of which (Figure 35 (b) is typical). 

sorbed on the emitter during bombardment was removed by field desorption 

a t  77OK, resulting in a clean but roughened tungsten surface (Figure 35 (c) ,  

The emitter was f i r s t  cleaned and smoothed by flashing it to approxi- 
0 

(2) 

( 3 )  Cesium ad- 
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of which the current voltage characteristic was then determined. 

removing the resulting damage by annealing the emitter at 1900 K for 1 minute, 

the above steps were repeated a t  a different ion energy o r  ion density. 

(4) After 
0 

Field emission current i s  an exponential function of the emitter shape and 

thus a sensitive detector of projections on the emitter that a r e  a few angstroms 

in height. The change in the emitter surface geometry due to ion bombardment 

may be monitored by either the increase in the ratio of emission current I 

due to ion bombardment over the current I 

fixed applied voltage, o r  by a change in the geometrical factor 

f rom the change in slope of a Fowler-Nordheim plot (Equation (9)). 

changes i n  surface shape monitored here were small, the first method, which 

i s  the more  sensitive, was used. 

S 

for smooth emitter surface a t  a 
0 

p a s  determined 

Since the 

Surface roughening a s  a function of ion energy and density. -The pattern 

changes shown in Figure 35 correspond to bombardment of clean tungsten by 

7. 3 x 10 

pattern change was on the beam-incident side of the emitter (Figure 35 (b)),  

and was due primarily to cesium deposited by the ion beam. However, when 

the viewing voltage was increased, some cesium would be seen on the side of 

the emitter away from the beam (Figure 35 (d)) ;  this was probably due to 

cesium backscattered by the ion beam f rom nearby electrodes, principally 

the plate of the ion collector assembly. All of the cesium was removed from 

the surface by applying a field of approximately 60 Mv/cm. Figure 35 (c) shows 

that the damage resulting from bombardment by 500 eV ions was confined to  

the beam-incident side of the emitter. The damage seems more pronounced 

on the low index planes, a result  in agreement with that obtained for  500 eV 

xenon ion bombardment of tungsten in the field ion microscope. 

14 3 
ions/cm’ density of 500 eV cesium ions. A s  expected, most of the 

3, 50 

The ratio of emission currents before and after sputtering, I /I , is 
s o  

plotted in Figure 36 as  a function of Cs ion density for ion energies between 

100 eV and 3. 8 keV. 

of roughening increases with increasing ion density and with increasing ion 

energy. However, the amount of roughening increases less  rapidly with the 

F r o m  the graph it can be seen that in general the amount 
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Figure 36 .  Ratio of W emission current after Cs ion bombardment to emission 
current before bombardment at a fixed tube voltage, Is/Io,  as a 
function of Cs ion density for several  ion energies. 
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higher ior, densities tharr with the Lower ion densities, probably due -3 the 

sputtering away of new projections a s  they a r e  formed. It i s  interesting to 

note that, a s  ion energy is increased, this effect occurs a t  higher amounts 

of roughening but a t  lower ion densities. 

In Figure 37 the current ratio I /I is plotted a s  a function of C s  ion 

Extrapolation of the resulting curve to a 
s o  

energy a t  constant ion density. 

current  ratio of 1 yields a threshhold energy of approximately 30 eV, about 

the same a s  the sputtering threshhold value of 30 eV measured by Stuart and 

Wehner for Xe ion bombardment of W. 59 

Temperature effects. - To investigate the annealing of surface damage, the 
0 

emitter was bombarded by 3800 eV ions with the emitter a t  77 K. 

heated for  60 second intervals to successively higher temperatures and the 

resulting changes in the current ratio I /I  The results a r e  plotted 

in Figure 38. Surprisingly, some of the damage is removed a t  a temperature 

of 100 K, and all  of the damage is removed a t  a temperat,ure below 800 K. 

Since intersti t ial  atoms in the bulk can anneal out to the surface a t  approxi- 

mately 85-95°K,49 the surface damage is related to the bulk damage, thus 

suggesting that the bulk damage is annealed a t  800 K. 

It was then 

noted. 
s o  

0 0 

0 

The temperature dependence of the surface roughening due to ion bombard- 

ment was investigated by measuring the change in I /I  as  a function of the 

temperature  to which the target had been heated during bombardment. The 

resulting data for ion energies 3014 eV and 534 eV a r e  plotted in Figure 39. 

The surface roughness .decreases with increasing temperature. However, a s  

shown in Figure 39, the results a r e  essentially the same when the target i s  

bombarded a t  77 K and then annealed at the elevated temperature for a time 

equal to the bombardment time. This implies that the decrease in surface 

roughness a t  higher temperatures is just due to the annealing that is taking 

place during bombardment. 

from a more  ordered surface than at lower temperatures.  

s o  

0 

Thus sputtering at  higher temperatures is 
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DISCUSSION AND CONCLUSIONS 

Comparison of Helium and Xenon Ion Sputtering Results 

The field ion patterns fo r  both He and Xe ion bombardment s h w  rearrange-  

ment of surface atoms a s  well a s  t rue sputtering in the sense of a net atom 

removal f rom the surface. F o r  500 eV and 1 keV He ions the number of 

surface events a r e  much larger than the number of atoms lost; f o r  the same 

energy Xe ions the reverse  is true.  At any given energy the total number of 

sputtering events is much greater for  Xe than for He, in agreement with the 

results of other investigators. 56’ 39 The ratio of sputtering events on the back 

side of the target to those on the beam-incident side, which in general is 

greater  for  Xe than for He ion bombardment, is greater  than one for the 100 eV 

energy; for He the ratio i s  always a small fraction. 

not a s  great  fo r  He a s  for  Xe ion bombardment a t  a given energy. 

for these differences can be attributed to the difference in the fraction of ion 

energy that can be t ransferred to an individual W atom. 

I 
The depth of damage i s  

One reason 

This fraction i s  given 
39 

by 

2 
f = 4 M . M  / ( M . t M )  , 

i a  1 a 

where M. i s  the mass  of the bombarding ion and M the mass  of the target 
1 a + t 

I atom, and is 0. 97  f o r  Xe W and 0 .083  for He W. Thus the He ions a r e  

much less  efficient a t  transferring their energy to the W lattice than a r e  the 

Xe ions. 

Energy Transfer Along Silsbee Chains 

Atom ejection patterns f rom single crystal  sputtering show character-  

is t ic  spots corresponding to ejection along certain low-indexed crystallo- 

graphic directions, an  effect first observed by Wehner. This effect has 

been assumed by most authors to be direct experimental evidence that 

momentum i s  focused into the close-packed directions of a crystal ,  a s  

60 
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61 45, 62, 63 f i r s t  postulated by Silsbee. Recently, however: a number of authors 

have raised the question of the importance of the energy chain concept in the 
45 

sputtering process. Harrison, et al. , in a computer simulation study of Ar 

ion bombardment of Cu, obtained characteristic atom ejection patterns by 

following the detailed trajectories of individual sputtered atoms, and showed 

that the patterns were due to surface billiard collisions, and that the f i r s t  

four atomic layers contained all the events that led to sputtering, even fo r  

10  keV bombardment energies. 

and Sigmund 

atoms a r e  focused by neighboring atoms in the surface. 

Directed sputtering is explained by Lehmann 
62 

on the basi i  of a collision cascade theory, in which the sputtered 

Although the above considerations may cast  doubt upon the importance of 

Silsbee chains in the normal backward sputtering (i .e. , sputtering on the beam- 

incident side of the target) ,  it i s  st i l l  believed to play a role in other radiation 

damage processes. Our results indicate that Silsbee chains a r e  an impor-  

tant energy transfer mechanism for forward sputtering of thin targets o r  films. 

As suggested by the computer studies by Gibson, et al. , 

for both He and Xe ion bombardment i s  found to be a function of both ion energy 

and of the length of the collision chain within the crystal. 

forward to backward sputtering ratio with increasing He ion energy suggests 

that the maximum ratio has not been reached at 1 keV ion energy; f rom con- 

sideration of the energy t ransfer  ratio (Equation (30)) and the fact that the 

maximum sputtering ratio fo r  Xe ion bombardment occurs around 100 eV, one 

would expect the maximum forward to backward sputtering ratio for He ions to 

occur in the low keV ion energy range. 

43,44 

43 
the forward sputtering 

The increase in the 

Temperature Dependence of Sputtering 

The effect of temperature on sputtering has been confused by contradic - 
39,46 

tory results due to polycrystalline targets and contaminated surfaces. 

New interest  in this topic has led to the measurement of the temperature 

This interest  is in dependence of sputtering on single crystal  faces. 

par t  generated by the differing signs of the temperature dependence predicted 

63-65 
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F o r  example. in 
61, 66 

by various theoretical models proposed for sputtering. 

the Silsbee chain mechanism the annealing of defects with increased tempera- 

ture  should lengthen the chains and increase the sputtering rate. Conversely, 

in the bombardment ion channeling mechanism, the pr imary effect of thermal 

annealing is the removal of interstitials in low index channels, thus reducing 

the sputtering rate by increasing the probability of ion penetration. 

of the FEM study performed here  suggest another possibility. 

roughness due to sputtering is reduced by annealing a t  higher temperatures,  

the probability of d t i s t e p  sputtering is also reduced, thus reducing the overall 

sputtering rate. 

The results 

Since the surface 

Conclusions 

The following a r e  the major conclusions reached during these studies: 

Sputtering in  many instances is a multistep process. 

F o r  low -energy, light ion bombardment, the number of 

surface rearrangement events is much larger  than the 

number of atom removal events. 

The Silsbee energy chain concept i s  important in  ex- 

plaining the forward sputtering of thin targets. 

The dependence of sputtering upon crystallographic 

structure of the target decreases  with increasing ion 

energy. 

The amount of energy t ransfer red  f r o m  the bombardment 

ions to  the target atoms depends upon their  relative masses .  

Increasing target temperature anneals some of the surface 

damage and reduces the probability af multistep sputtering. 
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